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Make it simple,

because | can only understand

simple things.
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QUANTUM PHYSICS

Measurements are uncertain
— Planck Length: 1.6x10* m
— Planck Mass: 2.2x10¢ kg
— Planck Time: 54x10% s

Heisenberg Uncertainty Principle

AXAp > -L

W 4x
It is impossible to make simultaneous
precise measurements of a pair of
conjugate observables

Accuracy of speed x position is limited to
10°* in SI Unit.

— - £0,000000000000000000000000C

You cannot know everything about

o ey N something




FHXS 18 Z AT




2L e dCRTES

BJERE: 7= iE XN
TN N HE ) — IR 47
HAH KRR RS = (ML, EE)
iz sl 7 R KR aE ok R 9 AL B AT
T AR, T — IMERIH 2 Wt B T RS
B REP R, M S i R AR I = e 4, DA SE G




2 A=A /N R
B I = i T A
o ANEEMIA N IZ D)

I £

_a

~E
H+

2

S

] @t
At B Az 2SR, I TA], L SATIE S B E X, X
#he s B!

FXS 18 (218, I TA]) e e 36 A ) o




Hilbert ) L.{a] &£ 7ii(The Foundations of Geometry) T i

WA = HARE RN % .
A X2 A
o5 T IH TG 2k

5 — 20 F AU [

\1|

5




& Fbbs. hdpu. edu. en

SR 5 SEAE
L BRAE, 2AKNR B
By ROt R,

I
ERIY b LTSI R
VR 28 . 1) A A L
T TR KT,
B AN, AR 126

il

,ﬁ_ﬁlﬂ‘.‘lﬁ*iﬁﬁ. o
D O
2 #

<

A
\,‘\' "’/‘__,
< -":

T PN : > W=



AT 2RZS AT (B2 &, T ) AG B ik ?

(X
Pl
&
S
oF

15, ANE H B

EHH—, o
2 /AHE ﬁAl.f_

DL B AN (B &) e BoXHE, R [E— Mg

PR




2 5 ANV SR 2 2

...... the position and velocity of an object cannot both
be measured exactly at the same time, and that the
concepts of exact position and exact velocity together

have no meaning in nature.

--Britannica Concise Encyclopedia
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W. E. Lamb Jr. (1955, Nobel Prize)

Taught QM for more than 20 years.
On the beginning of the course, told the studnfs,

“You must first learn the rules of calculation in quantum
mechanics, then | will tell you about the theory of

measurement...” Almost invariably, the time alloted to
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1. Can the "measurement problem™
In quantum theory be resolved?
2. What does quantum information tell

us about the nature of reality?

(1) Can the“mewurement problem”in quantum phy

(20 What does quantum information wll us abour the narure of realiry?
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Self-growing lunar factory
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E. P. Wigner (1963, Nobel Prize)

The probability of the existence of

self-reproducing unit
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the chances are nil for the existence of a set of " 'living”

states for which one can find a nutrient of such nature that
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E. P. Wigner,

The unreasonable effectiveness of mathematics 1n the

natural sciences,

Commun. Pure and Applied Math. 13, 1-14 (1960)
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ToiEAN G 2P 2E (money that is physically impossible

to counterfeit).

S. Wisener, Conjugate coding, ACM Signact News, 15

78-88 (1983)

Stephen Wiesner's idea
for making quantum
money, (circa 1970,
published 1983).

In each bill, there is a sequence of q
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uantum states in one of

o two complementary bases (so one of |]),|<) | ./),| \\)). By the

quantum no-cloning theorem, anyone

who does not know the

polarizations of these states cannot copy them.
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Conijugate Coding
Stephen Wiesner

Columbia University, New VYork, N.Y.
Department of Physics

The uncertainty principle imposes restrictions on the

capacity of certain types of communication channels. This

paper will show that in compensation for this "gquantum nocise',

guantum mechanics allows us novel forms of coding without

analogue in communication c¢hannels adequately described by

classical physics.
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Foundations of Physics, 1982
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FLASH'—A Superluminal Communicator
Based Upon a New Kind of
Quantuom Meagsurement

Mick 1 lerber,”

Sz e

The SAASH cmmminaiontes coasia O e G
Axtwae aknne arostatzad LOTE gud mreniarin e
H o sgalers aRe
N COURTY LT T
sl e gl subes of e

T, I TRODUCTION

The heoraim of Bl semrantzes cthac twa goaniuin fyetems which have
Ptcracted in Lhe past cai i longer e vegied=d as independent sy slzme'™
The ruplhgnatical insepacabilivy of 1he yuanlieo ikeoseliicn] represznlalion =
a0, wssrotlal pagt of oaware, 0ol v mere wecicen: of toc iocmoeiiza Thess vaoe
smtermetine evetrms—whicn in groessl may be spaco-liks seasssted, hence
Ty isalaed  accordivg b special coeniviis—romEin i RCLTIC SESG
coancanzd & o manner wrcecdiaied, vamitigaled, sl medigis TC 1N:
InFrant quanien cosncelion wers direcky chervobhlie  muder s inoliTe
ied wina Tzlls s peril-— 0n weowalsd e gppaaipm meghemes ol cnafzgg
speciitl re iLy By pen & Fasler than -ichl sigaing,

Lan Duaniym Cooncercdness we ns 9 bodiom toe Supertuminal
Communigaiion?
Uhiy qeestion hae oo comyidooed by o cigts at Beckelow'' and
FTres e 'S opod prswered o the nepasive, A teplesl soacies Lmagioes syatoms
i Sacaen im sl Hoake o,
ivr Crick, Calilocni
117l

LA B D TIRGE PO 19ED Bhunz Foslabirg, facpealien

Teiber

Dgtectar &
Sendet]

Drakectasr H
(Heceiver)

S5 L Thi: FLasH -Lewleeoarzenss. Plorord

resvelsy w e oripled - vanEderar eIrnss cacy oLy

(LT wr plaoe weselarizsd TULEY Ly pesili

ways plaly in beinre A seeclics e e led

aemlides v o3 netEdesa s dRae S3in e

Lsapocamizsd bursr o Lef 25 cwanincd Tueoaam

eitwr cir OF or PP chernsl,
Aclyrelian carc noy b mcaitred with @ beam-selitter erosngemoss. g |
tuseratys age peacioeier mosibiily.

imagios that v pleoe palasize: {437 phodor an beca decored al 4. This

nzang (nac a plsoc gelacioed (17 photoo is Gogidect ancothe B s osymtene,
This ohotan & amplified by the pwio wabe o A K polarieed phocess which
Are geparated Dy Cve noutral keam splitcer inlu creo pask el ol ronghly A2
mhatans ewk  oll pleee potarized mo the wvectiowl plaoe. One of dic
subbrams i disecled to n 20 eplitber whers iz g divade! egpruliz pour B oam
. hegrms, szt Jdeeslad. The othes rulieam is Sizectzd o 2 PP splizter and ol
A1 photesy. ace dollestes into the 3 detoetor. Tas aghadore of o wigcally
wmrlazicod phornn i
sl ' £ b s
B L phaons
42w M photons
iz WA phoawsas

Foow simiZar mannse RO aod ECT photans leave Eoenicor simstuee, 1o




AR 18 S R AT (GhirardifR o) 253k H
TR FITAE:

W. K. Wootters and W. H. Zurek,
A single guantum cannot be cloned,

Nature, 299, 802 (1982)

Manuscript received 11 Aug. 1982
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A single quantum cannot be cloned

W. K. Wootters*

Center for Theoretical Physics, The University of Texas at Austin,
Austin, Texas 78712, USA

W. H. Zurek

Theoretical Astrophysics 130-33, California Institute of Technology,
Pasadena, California 91125, USA

If a photon of definite polarization encounters an excited atom,
there is typically some nonvanishing probability that the atom
will emit a second photon by stimulated emission. Such a photon
is guaranteed to have the same polarization as the original
photon. But is it possible by this or any other process to amplify
a quantum state, that is, to produce several copies of a quantum
system (the polarized photon in the present case) each having
the same state as the original? If it were, the amplifying process
could be used to ascertain the exact state of a quantum system:
in the case of a photon, one could determine its polarization
by first producing a beam of identically polarized copies and
then measuring the Stokes parameters'. We show here that the
linearity of quantum mechanics forbids such replication and
that this conclusion holds for all quantum systems.

Note that if photons could be cloned, a plausible argument
could be made for the possibility of faster-than-light communi-
cation®. It is well known that for certain non-separably corre-
lated Einstein—-Podolsky-Rosen pairs of photons, once an
observer has made a polarization measurement (say, vertical
versus horizontal) on one member of the pair, the other one,
which may be far away, can be for all purposes of prediction
regarded as having the same polarization®. If this second photon
could be replicated and its precise polarization measured as
above, it would be possible to ascertain whether, for example,
the first photon had been subjected to a measurement of linear
or circular polarization. In this way the first observer would be
able to transmit information faster than light by encoding his
message into his choice of measurement. The actual impossibil-
ity of cloning photons, shown below, thus prohibits super-
luminal communication by this scheme. That such a scheme
must fail for some reason despite the well-established existence
of long-range quantum correlations®®, is a general consequence
of quantum mechanics®.

A perfect amplifying device would have the following effect

* Present address: Department of Physics and Astronomy, Williams College, Williamstown,
Massachusetts 01267, USA.

on an incoming photon with polarization state |s):
[Ao)s)—>|Ass) (1)

Here |A,) is the ‘ready’ state of the apparatus, and |A,) is its
final state, which may or may not depend on the polarization
of the original photon. The symbol |ss) refers to the state of
the radiation field in which there are two photons each having
the polarization |s). Let us suppose that such an amplification
can in fact be accomplished for the vertical polarization | )
and for the horizontal polarization |«). That is,

|Ao) $) = |4l ED) 2)

and
Ao« > |AnS) (3)

According to quantum mechanics this transformation should
be representable by a linear (in fact unitary) operator. It there-
fore follows that if the incoming photon has the polarization
given by the linear combination a|$ )+ B|<>)—for example, it
could be linearly polarized in a direction 45° from the vertical,
so that a =B =2""2>—the result of its interaction with the
apparatus will be the superposition of equations (2) and (3):

[Ao)a| $)+Ble)) > alA. I +B1Aw)B) (4)

If the apparatus states |A,.,) and |A,,,) are not identical, then
the two photons emerging from the apparatus are in a mixed
state of polarization. If these apparatus states are identical,
then the two photons are in the pure state

a3 +8I18) (5)

In neither of these cases is the final state the same as the state
with two photons both having the polarization «|1 )+3|<).
That state, the one which would be required if the apparatus
were to be a perfect amplifier, can be written as

27V(@@ e +Ba 1 )10) = (1) + 21 %aB| § <) +87B)

which is a pure state different from the one obtained above by
superposition [equation (5)].

Thus no apparatus exists which will amplify an arbitrary
polarization. The above argument does not rule out the possibil-

ity of a device which can amplify two special polarizations, such ;

as vertical and horizontal. Indeed, any measuring device which
distinguishes between these two polarizations, a Nicol prism
for example, could be used to trigger such an amplification.

The same argument can be applied to any other kind of
quantum system. As in the case of photons, linearity does not
forbid the amplification of any given state by a device designed
especially for that state, but it does rule out the existence of a
device capable of amplifying an arbitrary state.

©1982 Nature Publishing Group

Nature Vol. 299 28 October 1982
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Milonni (unpublished work) has shown that the process of
stimulated emission does not lead to quantum amplification,
because if there is stimulated emission there must also be—with
equal probability in the case of one incoming photon—spon-

ission, and the ion of 2 emit-

quantum limits on the noise in amplifiers'"*'. Moreover, an
experiment devised to establish the extent to which polarization
of single photons can be replicated through the process of
stimulated emission is under way (A. Gozzini, personal com-

ted photon is entirely independent of the polarization of the
original.

It is conceivable that a more sophisticated amplifying
apparatus could get around Milonni's argument. We have there-
fore presented the above simple argument, based on the
finearity of quantum mechanics, to show that no apparatus,
however complicated, can amplify an arbitrary polarization

‘We stress that the question of replicating individual photons
is of practical interest. It is obviously closely related to the

942,
th edo (Pergamon, New York, 1970}

and see ref. 12). The quantum mechanical predic-
tion is quite definite; for each perfect clone there is also one
randomly polarized, spontaneously emitted, photon.

We thank Alain Aspect, Carl Caves, Ron Dickman, Ted
Jacobson, Peter Milonni, Marlan Scully, Pierre Meystre, Don
Page and John Archibald Wheeler for enjoyable and stimulating
discussions.

‘This work was supported in part by the NSF (PHY 78-26592
and AST 79-22012-Al). W.H.Z. acknowledges a Richard
Chace Tolman Fellowship.
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D. Dieks,
Communications by EPR devices,
Physics Letters 92 A, 271 (1982).

Manuscript received 17 Aug. 1982
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P. W. Milonni and L. Hardies,
Photons cannot always be replicated,
Physics Letters, 92 A, 371 (1982).

Manuscript received 5 Aug. 1982
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L. Mandel,

Is a photon amplifier

always polarization

dependent?

Nature, 304, 188 (1983).
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Is a photon amplifier
always polarization dependent?

WITH the help of an ingeniously simple
argument, Wootters and Zurek' have
drawn attention to the fact that there
exists no amplifying apparatus such as one
or more excited atoms, for example,
which will ‘clone’ an incident photon of
arbitrary polarization. More precisely, if
|1.,) is a one-photon state of polarization
characterized by some complex unit vec-
tor €,, a photon amplifier cannot always
turn this into the state |2,,) for an arbitrary
€;. In general, the two-photon state will
be some superposition of states |2,,, 0.,
and |1,,, 1.,), where €,, €, are orthogonal
unit polarization vectors, or even a mix-
ture of states. However, the conclusion of
Wootters and Zurek should not be misin-
terpreted to mean that the output of a
photon amplifier has to be polarization
dependent.

If the amplifier is in the form of an
excited two-level atom in the state |+),
with transition dipole moment p, then the
amplitude of the two-photon state
|2.,,0,,) depends on the scalar product
p-e}, and would even vanish if the dipole
moment were orthogonal to the polariz-
ation of the incoming photon. In these
conditions there would be no stimulated
emission at all, only spontaneous
emission. This is apparent if we write for
the final state after a short interaction time
At in the interaction picture

[Wanat) = exp(—iHiA/B)|Le,, 0 +) (1)

with an ¢lectric dipole interaction
2
Hi=g T [m-efd7d; +he) ()
=]

We have limited ourselves to a Hilbert
space {where the operators are distin-
guished by the caret *) with just two
resonant plane wave modes, and have
written ¢' and 4, for the atomic and
field lowering operators. From equations
(1) and (2) one finds immediately, after
tracing over atomic variables, that after a
short time At the resulting two-photon
state is of the form

l@)_JZu- ef(2.,, 0.) + - €1y, 1,0
efP+ln-e3P)

(3)
The first term is attributable to stimulated
emission and the second to spontaneous
emission into the other mode. Clearly |®)
becomes |[2,,,0,,) only when the dipole
moment g is parallel to the polarization
€;, and it becomes |1, 1.,) when p is
orthogonal to €,. In other words, for this
simple one-atom amplifier the final state
depends on the polarization of the incom-
ing state, as Wootters and Zurek have
pointed out.

0028-08136/83/280188—02801.00

-MATTERS ARISING

However, lest it be thought that it is the
sensitivity to polarization that is the essen-
tial element in preventing cloning of the
incident photon, we now show that it is not
difficult, at least in principle, to construct
an amplifier whose output is independent
of the polarization. For this purpose we
consider a system of two resonant, excited
atoms with orthogonal transition dipole
moments .= {ule,, po=lufe,, where
€, €, are complex, orthogonal it
polarization vectors. We will not go into
the non-trivial question how such a state
can be produced in practice, but it might
perhaps be done by exposing the atoms
separately to different light beams and
then bringing them together. The atoms
are assumed to be sufficiently close that
they experience the same field. Then the
interaction may be taken to be of the form

2
g 2. (67 ma+ 61 o) -€Fd] +he

)

and equation (1) leads to the following
(unnormalized) two-photon state

[=0 +oVZpa-eti2,,, 0.0
+ e €31e,, 10,)]
4y, —x,)[‘/iu.;sfue,, Ocy)
+uy e|ley, 1e)] (5)

After tracing over atomic variables we
encounter a mixed two-photon state, with
density operator

2015 004260 Ocpl +HH1ess La)X(Les Ll
(6)
This is independent of the polarization of
the incident photon and of the two atomic
transition dipole moments, so long as they
are orthogonal. The first term evidently
corresponds to stimulated emission, and
the state |2,,, 0,,) is twice as probable as
|1, 1), which is attributable to spon-
taneous emission. There is no cloning, and
the general conclusion of Wootters and
Zurek! is, of course, borne out. But the
essential element that prevents cloning is
here seen to be the spontaneous emission,
rather than any dependence of amplifier
gain on polarization. A similar conclusion
was also reached in another connection by
Milonni and Hardies®.
This work was supported in part by the
NSF.

L. MANDEL
Department of Physics
and Astronomy,
University of Rochester,
Rochester, New York 14627, USA

1. Wootters, W. K. & Zurek, W. ature 299, 802 {1982).
2. Milonni, P. W. & Hardics, M. L. Phys. Len. 924, 321
(1982).
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On replicating photons

WOOTTERS AND ZUREK!' have recently
considered whether it is possible to build
a quantum mechanical device which will
simply duplicate an arbitrarily polarized
incoming photon. They consider two
possible situations. In the first, the final
state of the device depends on the polariz-
ation of the photon. In this case, a photon
beam of arbitrary polarization will give
rise to a mixed, rather than a pure, final
state and will therefore not be properly
replicated.

In the second situation the final state
of the replicator is considered to be
independent of the photon polarization.
The authors (as also in a subsequent paper
by Dieks®) demonstrate an inconsistency
in the quantum mechanical description of
this situation which leads them to con-
clude that in it, too, photon replication is
impossible to achieve. However, this
second situation is unphysical for a rather
serious reason: if the final state of the
replicator is independent of the photon
polarization, then angular momentum
conservation is violated. Photons of
different polarization are in different spin
states {or different linear combinations of
spin states). Thus the polarization of the
emitted photon must affect the final
angular momentum state of the replicator
which emits it.

P.J. BUSSEY
Department of Natural
Philosophy,
University of Glasgow,
Glasgow G12 8QQ, UK

1, Wootters, W. K. & Zurek, W. H. Nature 299, 802-803
(1982).
2. Dieks, D. Phys. Lett. 92A, 271 (1982).

WOOTTERS AND ZUREK REPLY—
Busscy points out that if the amplifier’s
final state were independent of polariz-
ation, then angular momentum would not
be conserved. The question of angular
momentum conservation is, however,
more subtle than it may seem at first, as
the following example shows. (This
example is related to work of Wigner,
Araki and Yanase on the limitations
imposed by conservation laws on the
accuracy of measurements'™.)

Let |#) be a certain state of the amplifier
which is an eigenstate of L, with eigen-
value /, L, being the component of angular
momentum along the direction of motion
of the photon. Assume that when a right-
or left-handed circularly polarized photon
interacts with the amplifier in this state,
the following  angular-momentum-
conserving transformation occurs:

jone right-handed photon) ® |/} »
[two right-handed photons) ® |t — 1)

® 1983 Macmillan Journals Ltd
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PHYSICAL REVIEW

VOLUME 4.7

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PoboLsky AND N. RoOsEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

OCTOBER 15, 1935

PHYSICAL REVIEW

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.

VOLUME 48

Can Quantum-Mechanical Description of Physical Reality be Considered Complete?

N. BoHR, Institute for T heoretical Physics, University, Copenhagen
(Received July 13, 1935)

It is shown that a certain *

‘criterion of physical reality’’ formulated in a recent article with

the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity
when it is applied to quantum phenomena. In this connection a viewpoint termed ‘‘comple-
mentarity’’ is explained from which quantum-mechanical deseription of physical phenomena
would seem to fulfill, within its scope, all rational demands of completeness.



Teleporting an unknown quantum state via dual
classical and Einstein-Podolsky-Rosen channels,
Phys. Rev. Lett. 70, 1895 (1993) .

(top, left) Richard Jozsa, William K. Wootters, Charles H.
Bennett. (bottom, left) Gilles Brassard, Claude Crapeau,

Asher Pares. Photo: André Berthiaume.




ZU 2 (1) A1) 7]
Peres ¥4

Positive Partial

Transpose

#e51 IR

PHYSICAL REVIEW
LETTERS

VOLUME 77 19 AUGUST 1996 NUMBER 8

Separability Criterion for Density Matrices

Asher Peres*

Department of Physics, Technion—Israel Institute of Technology, 32 000, Haifa, Israel
(Received 8 April 1996)

A quantum system consisting of two subsystems is separable if its density matrix can be written
s p= > wAp,Q ® pg, where p;& and pg are density matrices for the two subsystems, and the
positive weights w, satisfy > ws = 1. In this Letter, it is proved that a necessary condition for
separability is that a matrix, obtained by partial transposition of p, has only non-negative eigenvalues.
Some examples show that this criterion is more sensitive than Bell’s inequality for detecting quantum

inseparability. [S0031-9007(96)00911-8]

PACS numbers: 03.65.Bz, 03.65.Ca

A striking quantum phenomenon is the inseparability of
composite quantum systems. Its most famous example is
the violation of Bell’s inequality, which may be detected
if two distant observers, who independently measure
subsystems of a composite quantum system, report their
results to a common site where that information is
analyzed [1]. However, even if Bell’s inequality is
satisfied by a given composite quantum system, there
is no guarantee that its state can be prepared by two
distant observers who receive instructions from a common
source. For this to be possible, the density matrix p has
to be separable into a sum of direct products,

p = wipl ® pl, o))
A

where the positive weights wy satisfy > w4 = 1, and
where p) and pJ are density matrices for the two
subsystems. A separable system always satisfies Bell’s
inequality, but the converse is not necessarily true [2—
5]. In this Letter, I shall derive a simple algebraic test,
which is a necessary condition for the existence of the
decomposition (1). I shall then give some examples
showing that this criterion is more restrictive than Bell’s
inequality, or than the «-entropy inequality [6].

The derivation of this separability condition is best
done by writing the density matrix elements explicitly,
with all their indices [1]. For example, Eq. (1) becomes

0031-9007/96/77(8)/ 1413(3)$10.00

Pmppy = Z WA(p;l)mn (p;{);w 3 (2)
A

Latin indices refer to the first subsystem, Greek indices
to the second one (the subsystems may have different
dimensions). Note that this equation can always be
satisfied if we replace the quantum density matrices by
classical Liouville functions (and the discrete indices are
replaced by canonical variables p and q). The reason
is that the only constraint that a Liouville function has
to satisfy is being non-negative. On the other hand,
we want quantum density matrices to have non-negative
eigenvalues, rather than non-negative elements, and the
latter condition is more difficult to satisfy.
Let us now define a new matrix,

Tmpny = Prpmv - (3)

The Latin indices of p have been transposed, but not the
Greek ones. This is not a unitary transformation but,
nevertheless, the ¢ matrix is Hermitian. When Eq. (1)
is valid, we have

o => wilpl)" ® pl. )
A

Since the transposed matrices (p4)” = (p4)* are non-
negative matrices with unit trace, they can also be
legitimate density matrices. It follows that none of

© 1996 The American Physical Society 1413
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FIGURE 1.1. The “new physicists” as counterculture darlings. Left (standing, left to right):
Jack Sarfatti, Saul-Paul Sirag, Nick Herbert; (kneeling) Fred Alan Wolf, ca. 1975. Rig, k

Sarfatti as the eccentric genius of North Beach, 19079. (Left, courtesy Fred Alan Wolf; right,

photograph by Robert L. Jone, courtesy Robert L. Jones and Jack Sarfatti.)
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von Neumann

Lectures delivered in 1948 and 1949
conceptual proposal for a physical non-biological self-

replicating system

The Theory of Self-Replicating Automata, Univ.

lllinois Press, 1966 (work by von Neumann in 1952)

Self-replicator based on c!e u’ar au!oma a -



Towens (19644ENobel #732%), 19574F

H 9T Maser] phenomenological 5 1%
Firi 18 B2 A e o s D0 DR LR

C. H. Towens, How the Laser Happened, Oxford, 2002

K. Shimoda, H. Takahasi, C. H. Townes, Fluctuations in

amplification of quanta with application to maser
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Wigner, 1967+

The probability of the existence of a self-reproducing unit
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Conijugate Coding
Stephen Wiesner

Columbia University, New York, N.Y.
Department of Physics

The uncertainty principle imposes restrictions on the

capacity of certain types of communication channels. This

paper will show that in compensation for this "gquantum nocise',

guantum mechanics allows us novel forms of coding without

analogue in communication channels adequately described by

classical physics.




J. L. Park,

The concept of transition in guantum mechanics,

Foundations of Physics, 1, 23 (1970)

To construct a measurement procedure, we conventionally adopt some initial

L . v\ )i - VA ] state for the apparatus, then seek a correlation-producing interaction that converts
I E‘ B R ‘/)”.1 s the apparatus M into a new state which embodies information about the initial

state of the system S. Specifically, we take « as the initial state for M.
To devise a nondisturbing measurement scheme, a unitary evolution operator 7'

517 [ 3 must be found that effects the following state evolution for S + M:
{EL ELS2BRE B : ;

Tho = Yif (1)
=N Fl 1\ | I ﬁ IKZ. —=2 }E where ¢ is the initial state of S. Such an interaction, if it exists, transfers the state
E=EN &N /—\E ’ specification of S to M, yet S emerges in the same state it was in at the beginning of

the measurement. Hence, measurements upon M yield measurement results for S
without changing the state of S.

H I ‘ldél: f‘l:ijj @ ? HTJ‘ /fjﬁ —l—‘ It is convenient to divide the question as to the existence of T into two parts:

Is there a T independent of i which satisfies (1), i.e., can a simple non-
2 £

disturbing measurement be performed?

. ;fﬁ %}I—Ll; | | | l ;I\ JI—L[‘ . Can a T be found for any specific ¢ which satisfies (1), i.e., can an historical

nondisturbing measurement be performed?

L

The answer to (s) turns out to be negative, as the following argument demonstrates.
Let a = {a, >, b = (B, ¢), so that = aa + bB. A simple nondisturbing 7 must
satisfy
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and , Teleporting an unknown quantum state
via dual classical and Einstein-Podolsky-Rosen channels,
Phys. Rev. Lett. 70, 1895 (1993)
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Nuovo Cimento 78B, 9 (1983).
Journal of Physics A 40, 2891 (2007).
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Some reflections inspired by my research activity in
gquantum mechanics

GlanCarky Ghirardd

Depariment of Thearetical Physics of the Unisersiy of Trisste, The Abdus Salam Iniemational
Centre for Theoretical Phyvics, Trieste, Iahe

and

Etimbo Naxionale di Fisica MNuoclesare, Sezions di Trizate, haly

Before leaving this topic I consider it appropriate to recall a marginal fact strctly related
to it. In that pericd I have been involved in mfereeing papers claiming that, by resorting to
appropriate experimental devices and set-ups, one might acally vse the process of WPR for
superuminal signalling. Cne of these papers was due bo N Herbert [16] and made use of an
hypathetical cloning machine, T spent =ome days in spotting the Aaw in the argument and in
=0 doing T derived and Tincludad in my referee report® what became known as the no clening
fRecsrem in a form which is practically identical to the one which was presented almost 1 vear
later in the celebrated paper by Wootters and Zurek [1E].
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G. Lindblad, A general no-cloning theorem,

Lett. Math. Phys. 47, 189 (1999
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Cuantum copying: Beyond the no-cloning theorem

V. Bugek ' and M. Hillery!
'Department of Physics and Astronomy, Himter College of the City University of New Tork,
&95 Park Avemwe, New Fork New
L Instisute aff Physics, Slovak dcademy of Sciemces, Dubravska cesta 9, 842 28 Bratislova, Slovakda
iRecerved 5 February 1996)

We mnalyze the pessibality of copying (that 15, cloming) stbitrary states of a4 quantum-mechanical spin-1/2
systern. We show that there exists a “universal quanturn-copying machive™ (ie., transformation) which ap-
provarmately copies quanhum-mechamcal stabes such that the quality of 1ts cutput does not depend on the mput.
We also examine a machine which combines a umitary rarsformanon and a selective measurement to produce
good copies of states 0 the neaghborhocd of a particular state. We discuss the problem of measurement of the
output states, [81050-2947( %6 08408-9]
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Optimal quantum cloning machines,
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Lu-Ming Duan (EX#%#) and Guang-Can Guo (55¢4l),
Probabilistic cloning and identification of linearly

Independent quantum states,

Phys. Rev. Lett. 80, 4999-5002 (1998)

WoLUME 80, MUMBER 22 FPHYSICAL REVIEW LETTERS 1 IuMEe 1998

Probabilistic Cloning and Identification of Linearly Independent Quantum States

Lu-Ming Duan and Guang-Can Guo*
Department of Phyvsics asd ."-'-.:-r.'.'u'.-1- lence Center, Univers nee and Techaology of China,
IF.--.:-L\I'--:I J'4 F-hru.-ur'. 19aE)
We construct a probabilistic quannm cloning machine by a general unitary-reduction operstion.
cion of the measurement results, the machine vields faithful copies of the input
states. own that the states secretly chosen from a cerfain set § = [|9, 5 [9.h ¥, i} can
be probabilis rocloned if and only if 495 ¥, ., and |'¥,} are JL|1-5-.:'ul1_.r ln-:l-‘-p:‘-nd-z-nr_. We
derive the best l:ur= iible cloning efficiencies. F‘:--I::al:-jlj-.-'-rju: cloning has a close connection with the
problem of idemtification of a set of states, which i= a type of 1 # 1 oculcome measuremsnt on
n linearly independent states, The optimal efficiencies for thiz type of measuremnent are obained.
[E003 19007 98 W6263-2]
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From quantum no-cloning to wave-packet collapse

Shunlong Luo

dccdemy g Modemceks and Spmoems Soency umese Acadeny of Sclences, Befag 100750, PR Tl

ARTICLE IMNFO ABSTRACT

A fimary: Oz aspect of the longstanding “mystery and weirdmess® of wawe-packet collapse in quanturn mechanics
Received 17 Kovernber 2000 hias recenthy besn dissobed by Zurek from an information trarefer perspective (Phys, Rev, & 76 (2007
Receqed in revised form LE anuary 2010 052110), This result & a significant extension of the original quantum no-cloning theorem (Mabare 259
:'i'::':':l': ‘:I:Iil':':'lswjizm _ (19827 8021 In this Letter we prowide two closely related, but altematve, idformational approaches o
Commuricared by BR. H:illun:l the orthogornal ity in waee-packet collapse; The first justifies and refines Zurek's defwation by relaxing the

repeatability postulate toa mare intuitve and simple one, the sscond replaces the repeatabilicy posbalate
Kepwads: by a cowariant condition of measuring apparabas, Qur derivations illuminate the infformational nature of

CALIMOUM MEdsUrEment wiaeepacket collapze.
Crihogunalig © 2010 Published by Elsevier BY.
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If it will be possible to delete an unknown guantum
state then using two pairs of EPR state we can send
signal faster than light. Thus, the no-deleting

theorem is in consistent with the no-signalling

condition.
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R. F. Werner

Quantum states with Einstein-Podolsky-Raosen correlations
admitting a hidden-variable
Phys. Rev. A, 1989
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S. Luo, Using measurement-induced disturbance to

characterize correlations as classical or quantum
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Noncommuting mixes states cannot be broadcast,

Phys. Rev. Lett. 76, 2818 (1996).
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FIG. 1: L.ocal broadcasting of correlations. Local operations £¢ : S(H%) — S(H* @ H%2) and
£t . S(H? — S(HY ® H?) are performed by parties a and b, respectively, with a resulting

four-partite state p%1%20182 — g£o & £%(p?®). The two reduced states p%1% — tr,, s, p*1*2%1%2 and

asbo
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are expected to reproduce the same amount of correlations as those in p ol

The amount of correlations is quantified by the quantum mutual information.
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The no-cloning and the no-deleting theorems point to

of quantum information.

A stronger version of the no-cloning theorem and the
no-deleting theorem provide to quantum
Information. To create a copy one must import the
Information from some part of the universe and to delete

one needs to export it to other part of the universe where
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Forging the Culture of
Quantum Information Science

Charles H. Bennett
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Abstract: Physicists, mathematicians and engineers, guided by what
has worked well in their respective disciplines, have historically
developed different scientific tastes, different notions of what
constitutes an interesting, well-posed problem or an adequate solution.
While this has led to some frustrating misunderstandings, it has
invigorated the theory of communication and computation, enabling it
to outgrow its brash beginnings with Turing, Shannon and von
Neumann, and develop a coherent scientific taste of its own,
domesticating ideas from thermodynamics and quantum mechanics
that physicists had mistakenly thought belonged solely to their field, to
better formalize the core concepts of communication and computation.
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