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| explore whether it is possible to make sense of the quantum mechanical description of physical
reality by taking the proper subject of physics to be correlation and only correlation, and by
separating the problem of understanding the nature of quantum mechanics from the hard problem of
understanding the nature of objective probability in individual systems, and the even harder problem
of understanding the nature of conscious awareness. The resulting perspective on quantum
mechanics is supported by some elementary but insufficiently emphasized theorems. Whether or not
it is adequate as a neWeltanschauunghis point of view toward quantum mechanics provides a
different perspective from which to teach the subject or explain its peculiar character to people in

other fields. ©1998 American Association of Physics Teachers.

[W]e cannot think of any object apart from the
possibility of its connection with other things.
Wittgenstein,Tractatus 2.0121.

If everything that we call “being” and “non-
being” consists in the existence and non-
existence of connections between elements, it
makes no sense to speak of an element’'s being
(non-being).. . Wittgenstein,Philosophical In-
vestigations 50.

It happened to him as it always happens to those
who turn to science... simply to get an answer to
an everyday question of life. Science answered
thousands of other very subtle and ingenious
questions... but not the one he was trying to
solve.Tolstoy, Resurrection Part 2, Chapter 30.
[IIn our description of nature the purpose is not
to disclose the real essence of the phenomena but
only to track down, so far as it is possible, rela-
tions between the manifold aspects of our expe-
rience.Bohr?

I. WHAT QUANTUM MECHANICS IS TRYING TO
TELL US

| would like to describe an attitude toward quantum me-

chanics which, whether or not it clarifies the interpretational

problems that continue to plague the subject, at least se
them in a rather different perspective. This point of view

alters somewhat the language used to address these issues
glossary is provided in Appendix C—and it may offer a less

perplexing basis for teaching quantum mechanics or explai
ing it to nonspecialists. It is based on one fundamental in
sight, perhaps best introduced by an analogy.

My complete answer to the late 19th century questionHeisenber

“what is electrodynamics trying to tell us” would simply be
this:

Fields in empty space have physical reality; the
medium that supports them does not.

Having thus removed the mystery from electrodynamics, le
me immediately do the same for quantum mechanics:

Correlations have physical reality; that which
they correlate does not.

The first proposition probably sounded as bizarre to most lat

19th century physicists as the second sounds to us today;
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expect that the second will sound as boringly obvious to late
21st century physicists as the first sounds to us today.
And that's all there is to it. The rest is commentary.

Il. CORRELATIONS AND ONLY CORRELATIONS

Let me expand on my ten-word answer to what guantum
mechanics is all about, which | have called elsewhéhe
Ithaca interpretation of quantum mechan(dQM).

Note first that the term “physical reality” is not necessar-
ily synonymous with unqualified “reality.” The distinction
is of no interest in understanding what classical electrody-
namics is trying to tell us, but it may be deeply relevant to
why guantum mechanics has not been widely seen to be a
theory of correlation without correlata. | shall set aside for
now the tension betweerality and physical reality but as
noaed in Sec. IV below, it will come back to force itself upon
us.

According to the 11IQM the only proper subjects for the
physics of a system are its correlations. The physical reality
of a system is entirely contained i@ the correlations
among its subsystems afio) its correlations with other sys-
tems, viewed together with itself as subsystems of a larger
system. | shall refer to these as theernal and external
correlations of the system. dompletely isolatesgystem is
one that has no external correlations or external dynamical
jnteractions.

S The wave function of a physical systemvhen it has ong
or, more generally, its quantum stdfire or mixedl is noth-
iﬁgamore than a concise encapsulation of its internal correla-
tions. Insofar as the state or the wave functiovhen the

"State is purghas physical reality, that reality does not extend

beyond the reality of the internal correlations that the state
encodes. In this respect the 1IQM agrees with Bohr and
g, who viewed the wave function as nothing more
than a computational tool. It disagrees with Sclinger's
early view of the wave function, or with the views of cur-
rently active deviant subcultures, such as the Bohm—de Bro-
glie interpretatior?, and its recent refinements, or efforts to
fnodify quantum mechanics by making wave function “col-
lapse” a dynamical physical proce$s.

The 1IQM does not emerge from a general view of the
world out of which quantum mechanics is extracted; the
strategy is rather to take the formalism of quantum mechan-
&s as given, and to try to infer from the theory itself what
guantum mechanics is trying to tell us about physical reality.
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Thus by systems and subsystems | simply mean the convefit) How is probability to be understood as an intrinsic ob-
tional representation of a complex system by products of jective feature of the physical world, rather than merely
subsystem state spaces. If the system, for example, is a as a tactical device for coping with our ignorance? How
Heisenberg model of a number of magnetic ions, the sub- is one to make sense of fundamental, irreducible corre-
systems are the spin degrees of freedom of the individual lation?

ions. If the system is a hydrogen atom, the subsystems coul@) Physics, at least as we understand it today, has nothing
be the electron and the proton, further resolved, if this is of to say about the phenomenon of consciousness. Con-
interest, into their spin and orbital degrees of freedom. In an ~ scious reality has more content than physical reality.

example that preoccupied the founders of the theory, the sys- | propose to set aside both of these puzzles. Many of the

tem is an experiment, and the subsystems are the miCrQyicyiies one encounters in interpreting quantum mechan-
scopic object of study and the macroscopic apparatus used {0 stem from our inadequate understanding of objective

study it. . probability and of conscious awareness. It seems worth in-
The crucial formal property of a resolution into sub- o iring whether one can make sense of quantum mechanics
systems is that all observables associated with one subsystefgngitional on eventually making sense of these two even
must commute with all observables associated with any othghore difficult problems. | shall therefore take the notion of
distinct subsystem. So if the subsystems are interacting, thegyrelation as one of the primitive building blocks from
we are dealing with subsystem correlations at a given timeyhich an understanding of quantum mechanics is to be con-
A further requirement is that the subsystem subspaces whosgcted. And | shall take the extraordinary ability of con-
product makes up the state space for the entire system can Bgiousness to go beyond its own correlations with certain
straightforwardly identified in the standard way with physi- other subsystems to a direct perception of its own underlying
cally meaningful subsystems of a re@r mode} physical  correlata as a deep puzzle about the nature of consciousness,
SyStem—i.e., that the resolution into SubsyStemS is in Somﬁ']at, however, Ought not to be a Stumb”ng block in con-
sense natural, as it is in the above examples. structing an understanding of the quantum mechanical de-
By correlations among subsystems | have in mind thescription of the nonconscious world.
mean values, at any given time, of all system observables Before moving to the effort to make sense of quantum

(Hermitian operatojsthat consist of products over sub- mechanics, let me expand on the two puzzles to be set aside.
systems of individual subsystem observables. Among the ob-

servables of a subsystem are the projection operators onto i
linear subspaces, so the set of all correlations among th'j THE PUZZLE OF OBJECTIVE PROBABILITY

subsystems contains the set of all joint probability distribu- |t -orrelations constitute théull content of physical real-
tions over subsystems. Since these distributions are in WrRy then the fundamental role probability plays in quantum
enough to determine the means of the products of all obserynechanics has nothing to do with ignorance. The correlata—
ables, it does not matter whether one interprets “correlayhose properties we would be ignorant of—have no physical
tions” to mean joint distributions, or means of products of reality. There is nothing for us to be ignorant of.
observables. | shall use whichever interpretation is more ap- A probability that deals only with correlation cannot be
propriate to the case at hand, but | should emphasize thatyased on an ensemble of copies of a given system, with
use the term “correlation” in a sense in which the absenceyroperties having definite values in each copy, for the physi-
of correlation (arising when a joint distribution factorss  cal absence of correlata applies separately to each copy. The
regarded as correlation of a degenerateial) form. only physical description it is possible to give each indi-
It is a remarkablgbut not often remarked uporieature  vidual member of such an ensemble is in terms of its own
of the quantum mechanical formalism that all the jointinternal correlations. There is thus no physical or conceptual
distributions associated with any of the pOSSibIe reSOlUti0n$O|e for such an ensemble to p|ay All its members are phys|-
of a system into subsystems and any of the possible choicegylly identical, each completely characterized by the identi-
of observable within each subsystem, are mutually compatcal set of internal probabilities. The appropriate context for a
ible: They all assign identical probabilities within any setstheory of correlations without correlata is one in which
of subsystems to which they can all be appfiéthe physical  probabilistic notions have meaningful application to indi-
reality of subsystem correlations therefore need not be reyidual systems.
stricted to any particular resolution of a system into sub- |t is entirely appropriate for a physics that is both funda-
systems or to particular choices of observable within eaclnental and probabilistic to apply directly to individual sys-
subsystem, even though different observables for a givegems. The natural world, after all, consists of individual sys-
subsystem fail, in general, to commute. It is only whentems; ensembles are an artificial contrivance or, at best, a
one tries to go beyond their intersubsystemrelationsto  very special kind of composite individual system. One moti-
actual correlata—particular values for the subsystem vation behind the desire for an ensemble interpretation of
observables—that noncommuting observables are incapabigiantum probabilities is a yearningot always acknowl-
of sharing simultaneous physical realfty. edged for hidden variablegof which values for correlata
The central conceptual difficulty for the 1IQM is the constitute the most important exampl&he view that proba-
puzzle of what it means to insist that correlaticarsd only  bilistic theories are about ensembles implicitly assumes that
correlations have physical reality. The “and only” part is an probability is about ignorance; the hidden variables include
inescapable consequence of many different “no-hiddenwhatever it is we are ignorant of. But in a nondeterministic
variables” theorems, as discussed in Sec. X below. Thesworld, probability has nothing to do with incomplete knowl-
theorems require that if all correlations have simultaneougdge. Quantum mechanics is the first example in human ex-
physical reality, then all the correlated quantities themselveperience where probabilities play an essential role even when
cannot. This problem—how to make sense of correlationshere is nothing to be ignorant about. The correlations quan-
without correlata—brings us up against two major puzzles: tum mechanics describes prevail among quantities whose in-
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dividual values are not just unknown: they have no physicaknce, at least as we understand it today. Tam only thig
reality. We lack an adequate understanding of how probabilis why | distinguish betweemeality and physical reality
ity or correlation is to be understood under such conditionsPhysical reality is narrower than what is real to the conscious
but ensemble interpretations fail to capture this central feamind. Quantum mechanics offers an insufficient basis for a

ture. o . . theory of everything if everything is to include conscious-
Another motivation for an ensemble interpretation of ness.
quantum probability is the intuition that because firedic- Before relegating the problem of consciousness to the fil-

tions of quantum mechanics are fundamentally probabilistiGng cabinet of harder problems to be examined after satisfac-
rather than deterministic, quantum mechanics only can makgyily interpreting quantum mechanics—we shall be forced

sense as a theory of ensembles. Whether or not this is thg, various occasions in the pages that follow to acknowledge
only way to understand probabilistic predictive power, phys+he existence of that cabinet—let me note some manifesta-

ics ought to be able tdescribeas well aspredictthe behav- s even in classical physics of the ability of consciousness
ior of the natural world. The fact that physics cannot make g, apprehend what physics cannot.

deterministic prediction about an individual system does not The notion ofnow—the present moment—is immediately
excuse us from pursuing the goal of being able to construct Bvident to conscioushess as a special moment of tona

description of an individual system at the present moment, ¢ interval—of order perhaps a few tenths of a segottd

and not just a fictitious ensemble of such systems. : . ;
; - seems highly plausible to me that yowow overlaps with my
| shall not explore further the notion of probability and now or, if you are very far away from me, with a region

correlation as objective properties of individual physical SYS~chace-like separated from W On the other hand. | can
tems, though the validity of much of what | say depends Oncgnceive of itpnot working m Way—that yourow is,two
subsequent efforts to make this less problematic. My in- eeks behind or 15 min ahead of mgw: In that case when

stincts are that this is the right order to proceed in: Objectivé"’ : . . .
probability arisesonly in quantum mechanics. We will un- W€ have a conversation each of us is talking to a mindless

derstand it better only when we understand quantum mehulk. I mention this not because I' be!ieve ir_1 mindless hulks

chanics better. My strategy is to try to understand quantun?!t be<,:,a_use you encounter them in discussions of the “many

mechanics contingent on an understanding of objective prop¥orlds” interpretation of quantum mechanics. | do not be-

ability, and only then to see what that understanding teachdiVve in many worlds any more than | believe in mamyws

us about objective probabilityf. but | find it S|gn|f|cant that the imagery gvoked in thinking

So throughout this essay I shall treat correlation and probabout a purely classical puzzle of consciousness is the same

ability as primitive concepts, “incapable of further reduc- as that encountered in the many worlds attempt to extend

tion... a primary fundamental notion of physics¥The aim  quantum mechanics to account for our conscious

is to see whether all the mysteries of quantum mechanics caperceptions?

be reduced to this single puzzle. | believe that they can, Physics has nothing to do with such notions. It knows

provided one steers clear of another even greater mysteryiothing ofnowand deals only with correlations between one

the nature of one’s own personal consciousness. time and another. The point on my world line corresponding
to now, obvious as it is tane cannot be identified in any
terms known to today’s physics. Thiparticularity of

IV. THE PUZZLE OF CONSCIOUSNESS consciousness—its ability to go beyond time differences and

Consciousness enters the picture through the disquietingPSition itself absolutely along the world line of the being
at possesses it—has a similar flavor to its ability to go

but indisputable fact that know perfectly well that my in- ; | ) .
P P y y beyond its own correlations with a subsystem, to a direct

dividual particular perceptionsof certain kinds of sub- . .
P b b awareness of its own particular correlatum and therefore, by

systemsdo have a reality that goes beyond the correlation ¢ ¢ ol b o
my perceptions have acquired with the subsystem througlfT€T€nce, an awareness of a particular subsystem property.
An even simpler example of an elementary constituent of

my interaction with it. It has become traditional in this con- , ) e . .
text to call such subsystems classical or macroscopigo ~ COnsciousness which physics is silent on, is the quality of the

that photomultiplier #1 fired and photomultiplier #2 did not. Sensation obluenessPhysics can speak of a certain class of
| directly perceive the particularity of my conscious repre_spectral_ densities o_f the radlatlon flgld, it can §peak of the
sentation of the photomultipliers from which | infer the par- Stimulation of certain receptors within the eye, it can speak
ticularity of the photomultiplier excitations themselves. of nerve impulses from the eye to the visual cortex, but it is
To the extent that “I” am describable by physics, which absolutely silent about what is completely obvious to me
deals only with the correlations between me and the photo@nd | assume to you-the characteristic and absolutely un-
multipliers, physics can onlycorrectly assert that photo- Mmistakablebluequality of the experience of blueness itSElf.
multiplier #n firing is perfectly correlated with my knowing ~ Consciousness enters into the interpretation of quantum
that photomultiplier # fired for either value oh. The ques- Mechanics becaus_e it and |t.alone underlles our conviction
tion that physics does not answer is how it can be thabw  that a purely relational physics—a physics of correlations
that it is #1 and isot#2. This is indeed a problem. It is part Without correlata—has insufficient descriptive power. Con-
of the problem of consciousness. sciousness cannot easily be banished from such discussions,
The problem of consciousness is an even harder problefecause the conviction arises in contexts where the underly-
than the problem of interpreting quantum mechanics, and ifng conscious perception may only be implititOne must
is important not to confuse the two. As with the puzzle oftherefore remain aware of its ramifications, as a mystery in
objective probability, here too it seems sensible to attempits own right, so one can disentangle the characteristic
first to understand quantum mechanics in full awareness giuzzles of consciousness from efforts to come to terms with
the fact that we do not understand consciousness, taking thibe lesser puzzle of understanding the quantum mechanical
view that consciousness is beyond the scope of physical scilescription of the nonconscious worfdl.
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V. A THEOREM ABOUT QUANTUM is enough to ensure that the global stagethe singlet
CORRELATIONS state—a particularly simple playing out of the possibility
guaranteed by the SSC Theorem—is not as familiar. .
There is a common-sense appeal to the idea of a physics 1hough the proof of the SSC Theorem is elementary, its
that is mute on absolute subsystem properties, restricted fPnceptual implications are profound. If the quantum theo-
its scope to the correlations among such properties. Whigtical description of the physical reality of a system is com-
should physics be able to produce more than a description diéte, then so is the description of the system entirely in
the world in the world’s own terms, by relating some parts ofterms of all the correlations that prevail among any specified
the world to other parts? More substantially, it is pertinent toSet of its subsystems, because the information contained in
note that | am on firm ground in insisting that the entire €ither of those two descriptions is the same. Anything you
content of the physics of a system consists of a specificatiofN Say in terms of quantum states—and some strange things
of the correlations among its subsystems, because this hap@n be stated in that language—can be translated into a state-
pens to be true. It is the content of an insufficiently noted bufN€nt about subsystem correlations—i.e., about joint prob-
quite elementary theorem, important enough to deserve ability d|str|bu§|ons. At a minimum, whe;he( or not the IIQM
section of its own. can be made into a coherent whole, this simple fact ought to
It is well known that if you are given the mean valueadif be stressed in all introductory expositions of the quantum
the observables of a system, then this uniquely determines it§€ory:
quantum statépure or mixed. Suppose, however, that the The quantum state of a complex system is noth-
mean values you are supplied with are restricted to those of ing more than a concise encapsulation of the
observables that are products of subsystem observables over correlations among its subsystems.

some specific resolution of the system into subsystems—i.e.l,he quantum state is a remarkably powerful encoding of
you are only supplied with the set of all correlations amongy, e "o relations. It enables us to calculate them for any
a particular set of subsystems that combine to make up th solution of the system into subsystems and for any set

entire system. How well is the state of the whole SYSteM, hatever of subsystem observables. The fact that all the dif-
pinned down when the set of specified mean values is reé

stricted to such products over subsystems of subsystem o erent sets of subsystem correlations can be encoded in a

servables, excluding observables that extend globally ov Ingle quantum state provides an explicit demonstration of
the entire system?

&he mutual consistency of the correlations associated with all
The surprisindif you've never thought about)ienswer is

of the different ways of dividing a system into subsystems.
this: Completely!Subsystem correlations (for any one reso-

While | am not convinced that this shift in point of view
lution of the system into subsystems) are enotgh 1o detefrom guantum state to subsystem correlations eliminates all
mine the state of the entire system uniquéllgis theorem

E’onceptual problems from the foundations of quantum me-
must have been noticed early on, but the oldest statements

chanics, it does alter how you look at many of those prob-
it that | know of are improbably receft. shall refer to itas .o - and, | believe, offers a better way to tell people encoun-
the Theorem on the Sufficiency of Subsystem Correlations

c)téering the subject for the first time what it is all about. In
SSC Theorem. It follows immediately from three facts: ecs. VI-XI, | describe some of the shifts in perspective that

take place when you start taking seriously the notion that the
(1) As noted, the means ddll observables for the entire physics of a system is only about the correlations among its
system determine its state. subsystems.
(2) The set of all products over subsystems of subsystem
observables contains a basis for the algebralioSuch
system-wide observables.
(3) The algorithm that supplies observables with their mear]\r/hlell‘zlgtlJl\ll\l%Tpl\%l\loﬁg MEASUREMENT FROM
values is linear on the algebra of observables.

As a result if you are given the mean values of all such The notion of “measurement” plays a fundamental role in
product-over-subsystem observables, it is a matter of simpleonventional formulations of quantum mechanics. Indeed,
arithmetic to compute the mean values of whatever set ofjuantum mechanics is often presented as merely an algo-
global system observables you need to pin down the state.rithm that takes you from one measuremétstate prepara-
This is spelled out in detail in Appendix A. As a simple tion” involves selecting a particular output channel from a
example, if a system consists of two sgisubsystems, then measurement apparajut another. John Bell railed elo-

the projection operator on the singlet state—the state of zer@uently against this? Why should the scope of physics be
total spin—is a global system observable. It has the well-restricted to the artificial contrivances we are forced to resort

known form to in our efforts to probe the world? Why should a funda-
N 1 2 1. 2 1 o mental theory have to take its meaning from a notion of
Psinglet= 2(1— 0x® 03— 0y® 0y~ 0;®07), (1) “measurement” external to the theory itself? Should not the

eaning of “measurement” emerge from the theory, rather

and therefore its mean value is entirely determined by th%an the other way around? Should not physics be able to

mean v_al_ues of the proc_;lucts of tklgy, andz components O.f make statements about the unmeasured, unprepared world?
the individual spins. Since the singlet state is that unique

state in whichPgj,gec has the mean value 1, the system will To restrict quantum mechanics to be exclusively
be in the singlet state provided these three quantities all have ~ about piddling laboratory operations is to betray
the value— 1 that expresses perfect anticorrelation. the great enterprise. A serious formulation will

That like components of the individual spins are perfectly not exclude the big world outside of the labora-
anticorrelated in the singlet state is a famously familiar fact; tory.
that perfect anticorrelations of three orthogonal componentsargue here that the very much broader concept of correla-
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tion ought to replace measurement in a serious formulatioall probability of the jth apparatus state i€;p(s;,a;)
of what quantum mechanics is all abdtt. =|a;|?, which is just the probability the Born rule assigns to

The key to freeing quantum mechanics from the tyranny«ne result of a measurement &on a specimen in the state
of measurement is to note that a measurement consists ofth

establishment of a particular kind of correlation between tw %Sﬂe;dgga?jr ;/r?]tjr?tszf a specimen observabiean inter-
particular kinds of subsystems, and to insist that everything . ; ;
that can be said about the physical reality of the correlation ction between the specimen and the apparatus designed to
established in a measurement applies equally well to the cofXtend the Born probabilities from the specimen stiggsto
relations among any subsystems of a quantum system. forresponding apparatus stafeg. This is a useful thing to
physics is about correlations among subsystems thenait is 40 because although we humans are incapable of directly
fortiori about measurement. But to insist that physics is exPerceiving the condition of a microscopic specimen, we are
clusively about measurement is unnecessarily to relegate @Ple to perceive the condition of a macroscopic apparatus.
an inferior ontological status the more general correlationg0th this ability of ours and its limitation presumably arise
among arbitrary subsystems. from our having evolved under the selective pressure of hav-
Expanding on this, let me review in its simplest form the N9 to deal with macroscopic things like tigers and oranges,
standard characterization of a measurement. In a measurBut not(at least at the stage of development when conscious-
ment a particular interaction brings about a particular kind of?€Ss first arogewith microscopic things like atoms and mol-
correlation between two particular subsystems. One of th&cules. As noted above, how we manage this conscious per-
subsystems, the one one wishes to learn about, is arbitrar§eption is deeply mysterious, but it should be viewed as a
but in many important applications it describes something onnystery aboutisand should not be confused with the prob-
the atomic scale. Call this subsystem #pecimenThe other  1em of understanding quantum mechanics. .
subsystem has enormously many degrees of freedom, de- The great emphasis even today on the particular kinds of
scribing a piece of laboratory equipment that includes som&orrelation e_:stabllshed in a measurement flnd_s its origins in
sort of readily readable outp(vhich could be in the form of the early history of the subject. In the beginning, when
a pointer, a digital display, or a printoutt is usually called ~People were groping for an understanding of microscopic
the apparatus specimens, it was natural to express everything in terms of
Initially, at the start of a measurement, the specimen anée€ more familiar macroscopic apparatuses with which they
the apparatus are uncorrelated: The state of the specimeneré able to correlate the microscopic specimens, through

apparatus system is a product state measurement interactions. Measurements produced the only
correlations people felt comfortable with. Today, three quar-
[h=Is)®|a). (2)  ters of a century later, having accumulated a vast body of

experience dealing with microscopic specimens, we have de-

t establish ot tion betw X d veloped enough intuition about them to contemplate usefully
Oneé must establish an Interaction between Specimen and ap+y, ;e proader class of correlations in which no subsystems

paratus that takes an initial statg)@|a) of the combined ¢ required to be of the macroscopic or “classical” kind

system into the final stafs;)®[a;), where thea;) are a set gjrectly accessible to our perception, and in which the corre-

of orthogonal apparatus states associated with macroscopjtions are neither necessarily of the one-to-one type estab-

cally distinguishable scale readings: lished in a measurement nor necessarily restricted to just a
! ! . pair of subsystems.

[siy@]a)—s)®]a;). ® The emphasis on measurement in conventional formula-
Because the transformatidB) takes orthogonal states into tions of quantum mechanics, and the accompanying empha-
orthogonal states it can indeed be realized by a unitargis on a classical domain of phenomena, ought to be viewed
transformation—i.e., as a time development under a suitablas historic relics. The classical domain plays a central role
choice of Hamiltonian. Because unitary transformations arenly if one restricts the correlations one is willing to call
linear, if the initial state of the specimen has an expansion physically real, to those between specimens and apparatuses,

where an apparatus is a subsystem large enough that we can
|s)= 2 ails), (4) perceive it directly—i.e., a “cI_assicgaI” sub_system. Wg ought
by now to have outgrown this point of view. The bipartite
igpecimen—apparatus correlations produced by a measure-
ment are not the only kinds of subsystem correlations worthy
of being granted physical reality. The quantum theory allows
us to contemplate togethetl the correlations among arbi-

F)=2 als)ela). ) trary subsystems, and it is simply a bad habit not to grant

) ) micro—micro—--—micro correlations as much objective real-
A correlation has therefore been established between spegiy as the traditional emphasis on measurements has granted
men and apparatus characterized by the joint probability disyy micro—macro correlations.
tribution This reluctance to shift the emphasis from measurement to

P(51:8)) =(FIPPa |F) = ail0; ©®  Gifoct that intoractions with ts emronment aré in Some not
(where theP’s are the appropriate projection operatdg; ~ VETY well specified way continuallyneasuringa specimen.

. _ o . This is to characterize a very general state of affairs by a
=lsi)(sil, Pa,=lai)(ai]). This joint distribution describes & oy shecial and rather atypical case. Interactions with its

perfect correlation between apparatus and specimen stategivironment have the precise effect of correlating a speci-
The probability of thejth apparatus state being associatedmen with that environment. Interactions with a measurement
with theith specimen state is zero unlaéssj. And the over- apparatus correlate a specimen with that apparatus. In both

To measure a specimen observaBlavith eigenstatess;)

then when the measurement interaction has completed
action, the state of the system will be
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cases interaction produces correlation. In measurements thality of all possible internal correlations is enough to deter-
interactions are designed so that the correlations that develapine whether or not any nontrivial external correlations are
have the particular forr(6) of special interest to us. Itis only possible. For Appendix A shows that the internal correlations
the reluctance to acknowledge that all correlations are readf a subsystem are enough to determine its density matrix;
and objective—not just those produced by a measurement-and Appendix B shows that nontrivial external correlations
that leads one to view the more general specimen-are possible if and only if that density matrix is not a one-
environment correlations in terms of the more specialdimensional projection operator. To characterize the situa-
specimen—apparatus correlations produced in a measurgen in which the internal correlations are of the kind that

ment. prohibit any external correlations as a situation in which “we

have maximum knowledge” is to ledurselvesintrude on a
VIl ELIMINATION OF KNOWLEDGE FROM THE " 287 T8 B0 T e o the distincton be.
FOUNDATIONS 9

tween pure and mixed states can lead to another kind of
There has always been talk to the effect that quantum meGonfusion. Itis a common error always to view a mixed state
chanics describes not the physical world but our knowledgéS describing a system that is actually in one of a number of
of the physical world. This intrusion of human knowledge different possible pure states, with specified probabilities.
into physics is distastefully anthropocentric. In the 11QMm While this “ignorance interpretation™ of the mixed state can
such talk is replaced with talk about objective correlationsindeed be a useful practical way to describe an ensemble of
between subsystems. Human knowledge has intruded for tngPmpletely isolated systems, it entirely misses the deep and
reasons: fundamental character of mixed states: If a system has any
o ) ] ) external correlations whatever, then its quantum state cannot
(D) The restriction of attention to the correla}tlons establishegye pure. Pure states are a rarity, enjoyed only by completely
in measurements has led to an excessively narrow focugolated systems. The states of externally correlated indi-
on the correlations between a specimen and what w@jdual systems are fundamentally and irreducibly mixed.
know about it (or what our mechanical surrogate—the Thijs has nothing to do with “our ignorance.” It is a conse-

apparatus—records aboul. it quence of the existence of objective external correlation.
(2) There is a confusion between the strange and unprec-

edented role of probability in the quantum theory as an

objective feature of the physical world, and the older

better understood uses of probability as a practical deVlll. THE MEASUREMENT PROBLEM

vice for coping with human ignorance. Because we un-

derstand probability reasonably well in the latter sense, According to a conventional view, if a specimen is in a
and have only a glimmering of an understanding of prob-State

ability in the more fundamental former sense, it is tempt-

ing to interpret probabilistic assertions incorrectly as |s)=2 ajlsi), (7)
statements about human ignorance or knowledge.

As an important illustration, consider how people distin-then after a measurement of an observable whose eigenstates
guish between pure and mixed states. It is often said that are the|s;), the state of the system discontinuously “col-
system is in a pure state \ife have maximunknowledgeof ~ lapses” to the statés;) with probability |a;|. At that point
the system, while it is in a mixed stateafir knowledgeof  all information contained in the phases of the amplitudes
the system is incomplete. But from the point of view of theis irredeemably lost. The “measurement problem” is the
[IQM, we are simply a particular subsystem, and a highlyproblem of how to reconcile this with the continuous evolu-
problematic one at that, to the extent that our consciousnesin of the specimen—apparatus system into the final state
comes into play. This characterization of the difference be{5), which is clearly still capable of revealing interference
tween pure and mixed states can be translated into a stateffects in the form of probabilities that do depend on the
ment about objective correlation between subsystems thgghases of the; .
makes no reference to us or our knowledge. According to the 1IQM the state of a specimen is just a

By definition, a system; is in a pure state if all the compact specification of all its internal subsystem correla-
correlations among any of its own subsystems can be chations. To understand collapse, we should restate it not in
acterized in terms of a density matrix that is a projectionterms of thestateof the specimen, but in terms of the speci-
operator onto a one-dimensional subspace. This in turn camen’s internal correlations The physical content of the
be shown(Appendix B to be possible if and only if any claim that after the measurement the system “is in” the state
conceivable larger syster=./+./, that contains/; as  |s;) with probability | «;|?, is that after the measurement the
a subsystem has only trivial correlatiofig., only factoriz-  specimen has the internal correlations appropriate to the state
able joint distributionsbetween its subsystems; and.”. |s;) with probability | «;|2.

Thusa system is in a pure state if and only if its internal  When it is put this way any discontinuity vanishes. For as
correlations are incompatible with the existence of any nonnoted above, during the course of the measurement interac-
trivial external correlations tion the combined specimen—apparatus system evolves con-

The absence or presence of nontrivial external correlationnuously from its uncorrelated initial statg) to the highly
is the objective fact. The anthropocentrisms simply expressorrelated final staté5). As soon as any nontrivial correla-
the consequences of this fact for us, should we be told all théon develops, the state of the specimen ceases to be pure,
internal correlations of/; . It is another remarkable feature and at the end of the interaction when the whole system is in
of quantum mechanicgnot shared with classical physics, the state(5), the state of the specimen has continuously
where external correlations are always possgithat the to-  evolved into the mixed state
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systems in mixed states back into the entirely uncorrelated
2 lail?lsi)(sil. (8)  system state with both subsystems back in their initial pure
states. For the same reasons that classical macroscopic sys-
In this mixed state the internal correlations of the specimenems are hard to run backwards, the measurement interaction
are identical to what they would be if it were in the pure statecannot so readily be undone when the apparatus is macro-
|s;) with probability | @;|>—i.e., the internal correlations are scopic. The apparatus observables whose correlation with the
identical to those given by the collapse story. specimen depend on the critical phases necessary for the re-
This is another familiar tale. The 1IQM shifts the way it is construction of the original state are correspondingly difficult
sometimes told, by emphasizing that the state of a nontrivito realize.
ally correlated subsystem is never pure: The state of the Butin principleit could be done. This is the measurement
specimen evolves continuously from a pure state through problem. What makes it so much more vexing than the old
sequence of mixed states into the “post-measurement’tlassical problem of irreversibility at the macroscopic level
mixed state(8) at the moment the measurement interactionis only what happens whenget into the story. Whehlook
completes its task. If at that stage one wishes to regard that the scale of the apparatlisknow what it reads. Those
state of the specimen as undergoing an abrupt change, it is absurdly delicate, hopelessly inaccessible, global system cor-
worst a collapse from a mixed state viewed in this funda-+elationsobviouslyvanish completely when they connect up
mental way, to the same mixed state viewed under the “igwith me Whether this is because consciousness is beyond
norance interpretation.” Since the internal correlations of thethe range of phenomena that quantum mechanics is capable
specimen are exactly the same regardless of which view yoaf dealing with, or because it has infinitely many degrees of
take, the collapse, if one chooses so to regard it, is rathdreedom or special super-selection rules of its own, | would
ethereal. not presume to guess. But this is a puzzle about conscious-
There is thus no quantum measurement problem for thaess which should not get mixed up with efforts to under-
internal correlations of the specimen or the apparatus. Afteistand quantum mechanics as a theory of subsystem correla-
the measurement interaction is complete their states am#ns in the nonconscious world.
exactly—not just FAPBY—the conventional post- It is here that the IIQM comes closest to the many worlds
measurement mixed states, which reveal no interference eéxtravaganz& Many worlds (or many mind$ enter the
fects whatever in any probability distributions associated enstory only when the formalism is taken to apply to con-
tirely with the specimen or entirely with the apparatus. Thesesciousness itself. In that case, even thoughow that pho-
mixed states have evolved from the pre-measurement putemultiplier #1 fired, this correlation between me and the
states in an entirely continuous fashfdn. photomultipliers is associated with merely one component of
The measurement problem survives only in $pecimer  a superposition of states of the me—photomultipliers system.
apparatus correlationghat hold between specimen and ap- There is another component in whitknow that photomul-
paratus observables, both of which differ from those charactiplier #2 fired. If quantum mechanics applies to my con-
terized by the joint distribution(6) that the measurement scious awareneds&nd if there is no objective physical pro-
interaction was designed to produce. Consider, for examplesess of “wave-function collapsg”then there is no evading

the specimen observable this, and away we go to Fairyland. But since there are so
many other aspects of conscious awareness that physics has
S12=[s1)(s2| +[s2)(s1] 9  nothing to say about, I find it naive to assume that it can
and the apparatus observable sensibly be extended to account for the characteristic particu-
larity of conscious experience that takes it beyond the corre-
Ao=ar)(a,] +[az)(ayl. (100 J|ations between me and the objects of my knowledge.

In the final stat5) of the specimen-apparatus system these_ If Wﬁ leave conlsuotL)Js be|ngs|0L_|t of tt?e p|rc]ture_and Insist
have nontrivial correlations that physics is only about correlation, then there is no mea-

surement problem in quantum mechanics. This is not to say
(F|S1,A14F)=2 Reaf @, (11)  that there is no problem. But it is not a problem for the

) science of quantum mechanics. It is an everyday question of
that depend on the relative phases of the even though |ite: the puzzle of conscious awareness.
those phases can affect muternal specimen or apparatus
correlations in the statd=).

There need be nothing peculiar about the specimen odX. ABSENCE OF CORRELATA

servableS;,. If, for example, the specimen is a two-state

system viewed as a sphand|s,) and|s,) are the eigen- In maintaining that subsystem correlaticarsd onlycorre-

g o lations have physical reality, | have not been very precise
states of thez component of spin, theis,, is just thex about what“ae]dyonly” is meyant to exclude. One thiggghat it
component. On the other hand the apparatus obser#able y,esnot exclude is the existence of global probability distri-
is quite bizarre, since its valuesl discriminate between the |y tions for an individual subsystem, since these are special
apparatus being in either of the two superpositioag)  cases of its external correlations with the observables for all
*|a,) of states with macroscopically distinguishable scalethe external subsystems taken to be identically unity. Indeed,
readings. “Macroscopically” is, of course, crucial. Were the as remarked upon in Sec. Il it is a conceptually remarkable
“apparatus” merely another microscopic spinthen(11)  (though analytically trivigl feature of the quantum mechani-
would give just the correlation in the twe components. cal formalism that every one of the many different joint dis-
Under those conditions there would be little trouble introduc-tributions in which a given subsysteni; appears gives ex-
ing a further straightforward coupling between specimen anéictly the same set of marginal distributions for that given
apparatus that undid the measurement interaction, transforrsubsystem. It does not matter which other subsystems
ing the perfectly correlated system state with both sub-"%,...,”}, appear in the resolutioty=.1+.5+---+.7,
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of the full system~”into subsystems, and it does not matter|¥) is not orthogonal t02G,2'G), since for either sub-
which observable one chooses for each of the other sulkystem the eigenstates of the #2 observable are neither or-

systems. . thogonal to nor identical to those of the #1 observable. Con-
This is conceptually remarkable because if one takes thgequently the probabilitiep(1R,1'R), p(1G,2'G), and

orthodox view that joint distributions apply only to the re- , R '
sults of measurement, then different joint distributions Ieadp(ZG’l G) are zero, bup(2G,2'G) is not:

ing to the same marginal distribution for; characterize p(1G,2’G)=p(1R,1'R)=p(2G,1'G)=0,
mutually exclusive experimental arrangements, and it is hard , (17)
to understand why the marginal distributions fot should p(2G,2G)#0.
be invariant under such changes. | have remarked on this The vanishing of(1G,2’'G) requires that
elsewheré? It is not remarkable—on the contrary, it is es-
sential for the consistency of the whole point of view—if the p(1R[2'G)=1, (18)
joint distributions are regarded as characterizing coexistin iahi / ;
aspectgall possible subsystem correlatiorsf physical re- %he vanishing op(1R.1'R) requires that
ality. The price one pays for this broader vision of the nature  p(1'G|1R)=1, (19
of joint distributions is the need to deny physical reality to a i / :
complete collection of correlata underlying all these correla—and the vanishing op(2G,1'G) requires that
tions. pP(2R|1'G)=1. (20
The correlata cannot all have physical reality because in - .
spite of the existence of all subsystem joint distributions and=0mMbining these, if observable Bas the valué, then(18)
of unique marginal distributions for individual subsystems, it'equires 1 to have the valug, in which case(19) requires
is impossible to construct, in the standard way, a full andl’ to have the valu&, in which cas€20) requires 2 to have
mutually consistent set afonditional distributions from the the valueR. So if 2' has the valu& then 2 must have the
joint and individual subsystem distributions. Let me illustratevalue R:
this extraordinary feature of quantum probabilities with what ,
is probably the simplest example of it, discovered by Lucien P(2R[2'G)=1. (22)
Hardy in a rather different context. But this is inconsistent with the nonzero value of
Take a system consisting of two subsystems, each descriB(2G,2'G). The statisticg17) are incompatible with these
able by a two-dimensional state space. Consider just tw@trajghtforwardly constructed conditional distributions.
noncommuting observables for each subsystem, named 1 andthe conventional interpretation of quantum mechanics
2 for one subsystem, and Bnd 2 for the other. Label the  finds the above line of reasoning unacceptable. According to
two eigenstates of each observable by the name of the olhe conventional view, probabilities like(iX,j’Y) are not
servable and one of the two letters(for “red” ) or G (for  measures of some preexisting set of objective correlations
“green”), and consider the subsystem correlations in thesetween all four pairs of subsystem observables. These prob-
system state abilities apply only to the results of actual measurements.
|W)e|2R,2'R) — |1R,1'R)(1R,1'R|2R,2'R) (12) The probability p(1R,2'G) is the propability that a joint
) measuremenbf observables 1 and’2yields the valueR
(Where|X,Y>, means|X)®|Y)). According to the IQM the 514G, The three conditional distributiorid8)—(20) do not
11, 22, 12, and 21 subsystem correlations all have si- characterize coexisting states of being, but the results of mu-
multaneous physical reality and indeed, we can computgya|ly exclusive experiments. Since at most one of the ex-
from (12) the four joint distributiong(iX,j"Y) where each  periments can actually be performed, at most one of the dis-
of i andj can be 1 or 2, and each EfandY can beR or G. tributions is meaningful, and it makes no sense to combine
Furthermore, the marginal distributions, characterizingthem as | have done.
one of the two systems, But the IIQM takes a broader view of joint distributions.
SN i i All correlations among all possible subsystem observables
PX)=p(IX.]"R) +p(iX.]"G) (13 have simultaneous physical reality. In particular all four pair
and distributions have physical reality, whether or not one
NN D sy chooses to extend the correlations between a particular one
PUY)=PAR,JTY) +p(G.]"Y) (14) of these pairs to a pair of apparatuses by means of an appro-
are indeed independent of whether the observable for thpriately chosen measurement interaction. What the preceding
other(summed oversystem is its #1 or #2 observable. There argument demonstrates is that if all the subsystem joint dis-
is therefore no formal obstacle to defining in the conven-ributions do share a common physical reality, thencbe-

tional way conditional distributions satisfying ditional distributions constructed from them cannot, even
L I — (i i though all the joint distributions yield unique mutually con-
PXIJ"Y)P("Y)=p(iX,}"Y) (15 sistent marginal distributions for the subsystems. But if it

and makes no physical sense to talk about the probability of 1
(" Y[IX)p(iX)=p(iX,j'Y). (16) beingR, giventhat 2' is G, this can only be because abso-

lute subsystem properties are not “given.” If physical reality
Yet these conditional distributions are mutually inconsistentconsists of all the correlations among subsystems then physi-
The proof of this for the Hardy statel2) is simple. In-  cal reality cannot extend to the values for the full set of
spection of(12) reveals that¥) is constructed to be orthogo- correlata underlying those correlations.
nal to the statg1R,1'R), and it is also orthogonal to the  The way we conventionally speak of probability makes it
states|1G,2'G), and|2G,1'G), since theR andG eigen-  hard to express this state of affairs. One tends, for example,
states of any one subsystem observable are orthogonal. Bia speak ofp(1R,2'G) as the probability that 1 iR and 2
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is G. But if it makes sense to speak ofbking Rand 2 ticles interact in such a way as to leave them in the Hardy
being G why should it not make equal sense to speak of thtate, and then fly apart to separate measurement apparatuses

o . . ;o in a manner that preserves the Hardy state correlations of all
R ?
probability of 1 beingR, giventhat 2 is G? The answer has the #1 and #2 observables. This is possible if those observ-

to be thatp(1R,2'G) cannot be viewed as the probability gpjes are, for example, polarizations along different nonor-
that 1is Rand 2 is G. This would make sense were prob- thogonal directions.

ability a device for coping with ignorance, but the objective Consider a series of measurements in which the choice of
probabilities of quantum mechanics exist even though therghich observable to measure is decided by tossing a coin at
is nothing to be ignorant of. They express correlations in thene site of the measurement. Consider a run in which the coin

absence of correlata. To avoid such linguistic traps it woul : . .
be better to speak not of “probabilities™ but of “propensi- osses result in observables 2 aridh2ing measured, and in

ties” or “dispositions,” or to eschew all talk of probability Which the result of each measurement is perceived tG be
in favor of talk about correlation. [The nonvanishing op(2G,2'G) guarantees that such runs

| am not suggesting that banishing “probability” from our are possibld. Suppose the measurement interactions take
vocabulary will remove all puzzles from quantum mechan-place in space-like separated space-time regions, so there is a
ics; only that it can help avoid misuses of that term. As notedrame of referencéAlice’s—let her be in the vicinity of the
in Sec. lll, the problem of what objective probability or ob- unprimed measurement as it takes pJaicewhich the per-
jective correlation or propensity might mean—of what it ception ofG at the unprimed system occurs before the toss
means to have correlation when values cannot be assigned §the coin at the primed system, and another fraBeb’s—
the correlata—is one | propose to set aside to explorgst him be in the space-time neighborhood of the primed

whether one can make better sense of quantum mechaniGaeasyremepin which G is perceived at the primed system
contingent on acquiring a better understanding of this admitystore the toss at the unprimed system.

tedly peculiar notion. What Hardy's sta2) tells us is that - 5,00 plice perceivess for the 2 measurement, she is

Irfezlllitg:/oiﬁzﬁtggfriEﬁ%ﬁglgﬁgﬁ%sggrﬂ?nhsgﬁigIrgr%rl]}iassl,;ge rT}s]urely entitled to conclude that if thget to be performed in

propertiescannotin general exist, and therefore such corre- er frame coin toss results_m a 1mea_surement on the
primed system, the result will be perceived to Re since

lations mustbe without correlat& _

p(2G,1'G)=0. By the same token once Bob perceiv@s

for the 2 measurement he can correctly conclude that if the
X. NONLOCALITY? (still unperformed in his frametoss at the unprimed system
results h a 1 measurement the perceived result musRbe

How can these two valid conclusions be reconciled with

the fact that R and 1I'R are never jointly perceived? There
are two options. The first is to abandon the implicit assump-
tion that the perceived result of a later measurement is unaf-
fected by the choice and/or outcome of an earlier one. This is
a route taken by those who embrace quantum nonlocality. It
has the disconcerting feature that which measurement pro-
cess affects which depends on whether you are using Alice’s
rame of reference or Bob’s, but since the influence is of one
‘of two space-like separated events on another, this is un-

system is unaffected by any dynamical process acting onl voidable. The most determined efforts to extract nonlocality

on the other subsystem, even when the dynamical proced@M this kind of reasoning are those of Henry Stapp.
consists of letting the other subsystem undergo a measure- 1€ second optioriwhich | prefe) is to deny that the
ment interaction with a third subsystem that functions as afy°Mpined predictions of Alice and Bob have any relevance
apparatus. The choice and performance of a measurement EﬁWhat would have been perceivéklboth measurements
one subsystem cannot alter the local properties of the othepd actually been of type 1. indeed, it is hard to give “what

far away subsystem. Otherwise one could use “quantun’f"omd have been perceived” any meaning in this case, since

nonlocality” to send instantaneous signals. The impossibility®°th Predictions are based on actual perceptions of type-2

of doing this should be callephysical locality measurements. Alice, for _example, having pejrce|®dn .
Quantum mechanics obeys physical locality. “Quantumher t_ype—2 measurement is perfectly_correct in concluding
non'oca“ty” (a Violation’ SO to Speak, Oﬁetaphysicaj local- that if the toss of Bob’s coin results in & Ineasurement
ity) arises when one tries to reconcile thetual results of ~then Bob will necessarily perceiv@. Bob’s experience is
specific experiments to thieypotheticalresults of other ex- similar. But to extract from this a contradiction with the im-
periments that might have been performed but were not. Ipossibility of joint IR and 1'R perceptions, it is necessary to
talking of “actual results” one is going beyond the sub- slide from statements about actual perceived results of actual
system correlations with which physics can deal, to our mysexperiments to possible perceived results of experiments that
terious ability to perceive—i.e., become consciously awarevere not actually performed. This is to extend the peculiar
of—a particular one of the correlated possibilities, when webut undeniable ability of consciousness to experience the
ourselves are among the subsystems. While it is surely urparticularity of a correlation in an actual individual case to a
reasonable to insist that we have no right to try to makehypothetical ability to experience the fictional particularity of
sense of our own direct perceptions, this kind of reasoning correlation in a fictional case, and to impose a consistency
goes beyond what can be expressed in prppgsicalterms.  on the actually and fictionally perceived particularities.
Nevertheless, the following line of thought has a powerful It is hard to see how to make this compelling, unless what
appeal. Consider a series of experiments in which two pareonsciousness is directly perceiving are actual correlata un-

Hardy did not come up with the sta{&2) to demonstrate
that the joint existence of pair distributions is incompatible
with the joint existence of conditional distributions. He pro-
duced it as a succinct and powerful contribution to the tradi
tion of “nonlocality” arguments stemming from Bell's
theorent®

Under the 1IQM, such arguments do not work as demon
strations of nonlocality. If two subsystems are spatially sepa
rated then thdocal properties of each are limited to their
internal correlations. These are completely determined b
the density matrix of each. The density matrix of either sub
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derlying all the correlations. If these had physical reality in This general attitude toward quantum states—that the in-
an individual case, locality would indeed require the value offormation they contain is necessarilglational—goes at
a correlatum in one subsystem to be the same, regardless lefist back to Everett’'s original “relative-state” formulation
what local operations were performed on the other subef quantum mechanic.What is special to the 1IQM iga)
system. But since quantum mechanics is about correlationis insistence, justified by the SSC Theorem, on replacing all
that exist without correlata, such an argument does not workalk about quantunstateswith talk aboutsubsystem corre-
as a demonstration of nonlocali‘ﬁ/. lations, (b) its insistence thatll correlations among sub-
There is another tradition of nonlocality arguments, start-system observables faill resolutions into subsystems have
ing with the very first version of Bell's theorem, which tests joint validity—simultaneous physical reality, if you will, and
whether all the correlations between currently noninteractindc) its insistence that theorrelata that underlie those corre-
and far-apart subsystems can be explained in terms of infotations lie beyond the descriptive powers of physical science
mation commonly available to the subsystems at the time obr, equivalently, that although all subsystgaint distribu-
their last interaction. This “common-cause” explanation for tions are meaningful the correspondiognditional distribu-
correlation assumes that it makes sense to condition all joirtions are not.
subsystem distributions on the detailed features of such hy- The IIQM evokes the Everett interpretation in stressing
pothetical common information. One then imposes some reahat a measurement is nothing more than a particular kind of
sonable locality conditions on these hypothetical conditionalnteraction between two particular types of subsystems, de-
distributions and shows that the resulting forms imply certairsigned to yield a particular kind of correlation, and in stress-
inequalities that are inconsistent with the joint distributionsing the fact that a syster§, that has nontrivial external
given by quantum m_echanics. ) ) _ correlations with a syster8,, has no pure state of its own,
From the perspective of the IIQM, if the pair of systems iSeyen when the joint syste®=S,+S, is in a pure staté¥).
completely isolated from the rest of the world, such a condi-the ||QM assigns a fundamental status to the reduced den-
tioning on common information is highly problematic, inde- gj matrix of S, as the complete embodiment of all its in-
pendent of the subsequent imposing of locality conditions Ofig 4| correlations. Everett, on the other hand, characterizes

such conditional distributions. Refining the subsystem joinig ', 2 "muititude of pure states, each conditional on the
distributions according to “conditions” at the source makes

little sense from the perspective of the SSC Theorem, whictfi"ss"gr?ment of atalmost arbitrary pure state i, Specifi-
assures us that the correlations contain in themselves corﬁ‘-"‘"y’ if
plete information about the physical realifgncoded in the P=|x){(x| (22
state of the two-subsystem system. Such a refinement would o
grant physical reality to further features of the correlations'S @ Projection operator on any pure stggeof S, and
going beyond what is contained in their joiffure state. (V|P|W¥)+0, (23
The only thing such arguments show to be nonlocal is any
such supplementation of the quantum mechanical descrighen one easily establishes that there is a unique pure state
tion. Indeed, that was how Bell put it in his first paper, and|¢) of S; for which the mean value of any observablef S;
for some time thereafter the theorem was viewed not as & given by

roof that the physical world is nonlocal, but only as a non- _
|F()30a|ity proof fgr gny hidden variables theory ungerlying the (D|Ald)=(T|APW)/(V[P|P). (24
correlations. Everett callg¢) the state ofS,; relative to|y) being the state

It is, to be sure, a remarkable fact that the common-causgs s, .
explanation for correlation between noninteracting sub- according to the IIQM Everett's relative states have no
systems fails when applied to quantum correlations, but thighysical significance, because the internal correlations of the
ought to be understood in terms of the broatsgually re-  gpsystens, in the relative statés) are given by a distri-
markable fact that correlatlo_n and o_nly correlation consti- bution that isconditionedon the other subsystesy being in
tutes the full content of physical reality. the state|y). While the correlations between arbitrary ob-

servables of5; and the observablB=|x)(x| of S,, or the
XI. COMMENTS ON OTHER APPROACHES correspo.n'dianoi'nt .dist.ributions, do have physica! .rea'llity,
the conditional distribution for S; obtained by conditioning

| first encountered the view that correlations are funda-on P having the valud. in S, does not. As discussed in Sec.
mental and irreducible when | heard it advocated as théX, one cannot condition on the values of correlata, because
proper way to think about Einstein—Podolsky—Ro$ERR such values have no physical reality. Thus Everett's relative
correlations, in talks by Paul Telférand Arthur Fine® It states of a subsystem give rise to internal correlations for that
did not then occur to me that this might be the proper way tosubsystem that are specified by conditional distributions that
think about much more general correlations, but it shoulchave no physical meaning in the lIQM. It is the insistence on
have, since this is an important part of Bohr's réplyo  the simultaneous reality of all thesenditionaldistributions
EPR®? Nor did it occur to me that objective reality might that sends one off into the cloud-cuckoo-land of many
consistonly of correlations until | heard Lee Smofiisketch ~ worlds.
an approach to quantum mechanics that treagdmetri- Christopher Fuchs has suggestetthat the distinction be-
cally a physical system and the world external to that physitween the many worlds interpretation and the “correlations
cal system. Shorth thereafter | received a beautiful papewithout correlata” of the IIQM, is most succinctly expressed
from Carlo Rovell#* arguing from a very different point of by characterizing many worlds @srrelata without correla-
view that quantum states were expressions of relations bdions In the many worlds interpretation particular individual
tween subsystems. Recently Gyula BEreas written inter-  values of physical properties exist {pven abundance; but
estingly along these lines. the problem of relating probabilities to the branching of the
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worlds of different correlata has not been satisfactorily re-surement. This enables one within a given framework to con-
solved, in spite of many efforts going all the way back totemplate whais whether or not anything has actually been
Everett's original paper. measured-indeed measurements in the consistent histories
There has also been a venerable tradition of talk abounterpretation(as in the IQM and the Everett interpretatjon
consciousness and quantum physics, almost from the begiare simply a special case in which some of the subsystems
ning. My own talk is closest to that which gives conscious-function as apparatuses.
ness the power of ultimately “reducing the wave packet.” The price one pays for this liberation is that the paradoxi-
The difference is that the IIQM does not speak of wavecal quality of complementarity is stripped of the protective
packet reduction at all, because if physical reality consisteovering furnished by Bohr’s talk of mutually exclusive ex-
only of correlations, nothing physically real ever changesperimental arrangements, and laid bare as a vision of a single
discontinuously. To be sure a vestige of this point of view isreality about which one can reason in a variety of mutually
retained in my warnings to separate the problem of our mysexclusive ways, provided one takes care not to mix them up.
terious ability directly to perceive the particularity of our Reality is, as it were, replaced by a set of complementary
own correlation with another macroscopic system from thgepresentations, each including a subset of the correlations
problem of understanding quantum mechanics. But as noteand their accompanying correlata. In the consistent histories
in Sec. IV, the IIQM takes the view that this ability poses ainterpretation it is rather as if the representations have physi-
very hard problem about the nature of our consciousneseal reality but the representata do not.
which ought not to be confused with the merely hard prob- The lIQM, in contrast, allows one to contemplate together
lem of understanding the nature of quantum mechanics adll subsystem correlations, associated wath complemen-
applied to a world devoid of consciousné8s. tary sets of subsystem observables. In justification of treating
This point of view toward consciousness is in sharp con2ll such correlations as simultaneously real, one notes that
trast to a more recent tradition, which tries to find an expla-quantum mechanics allows one, given the state of the global
nation for consciousness based on quantum phySithe  System, to calculate together the values of all such correla-
IIQM takes quite the opposite position, that consciousnes§ons; that the joint(but not the conditionaldistributions
experience goes beyond anything physics is curre@hd  arrived at in this way are all mutually consistent; and that
perhaps evercapable of coming to grips with. quantum mec_hamcs_ ensures that the c_atalog of all such joint
Two other interpretive schemes—the modal inter-Subsystem distributions completely pins down the global
pretation&® and the consistent histories approfehalso de- ~ State. The 1IQM achieves this capability by denying to phys-
throne measurement. Both can be distinguished from the ajcS the possibility of dealing with the individual correlata at
proach described here in terms of how they treat correlationd!l- o o
and correlata. Modal interpretations grant reality to more Whether this is a fatal defect of the 1IQM, whether it is a
than just relational quantities, at the price of restricting thismanifestation of the primitive state of our thinking about
stronger reality to very special circumstances. SubsysterfPjective probability, or whether it is a consequence of the
correlationsandthe associated correlata can be real providednability of physics to encompass conscious awareness, re-
there are just two subsystems, and provided the correlatiof§@ins to be explored.
have the strong forn{6). This is made interesting by the
Schmidt(polan decomposition theorefif, which guarantees
that the state of any two-subsystem system leads to suchll- A FEW FINAL REMARKS
correlations for some choice of the two subsystem observ-
ables. But it leaves the status of other observables up in the,
air, is embarrassed when the Schmidt decomposition of thg,
two subsystem state is not unique, and has nothing t0 Sa8¥ants about loose ends.

about three or more subsystems. _ As noted at the beginning, what | have been describing is

The consistent histories interpretation of quantum Meynsre an attitude toward quantum mechanics than a system-
chanics applies to time-dependent as well as equal-time COkyic interpretation. The only proper subject of physics is how
relations. In contrast to _the II_QM, consistent historians ar&ome parts of the world relate to other parts. Correlations
not at all shy about dealing with the correlata that underlie ggnstityte its entire content. The actual specific values of the
given set of correlations. They gain this interpretive flexibil- correlated quantities in the actual specific world we know,
ity by insisting that any talk about either correlations or cor-are peyond the powers of physics to articulate. The answer to
relata must be restricted to sets of observables singled out Be question “What has physical reality?” depends on the
certain quite stringent consistency conditions. Thus in thgatyre of “what.” The answer is “Everything!” if one is
example of Sec. VII consistent historians may speak of th,sking about correlations among subsystems, but “Noth-
correlationsandthe correlata for the observables 1 arfdot  ngi” if one is asking about particular values for the sub-
those for 1 and 2 or those for 2 and 1 or those for 2 and system correlata.
2'. But they are forbidden to combine features of all these This alters the terms of the traditional debates. Tradition-
cases into a single description. These various incompatiblelly people have been asking whatrrelata have physical
descriptions constitute mutually exclusive “frameworks” for reality. The many different schools of thought differ by an-
describing a single physical system. swering with many different versions of “Some” while the

| view the consistent histories interpretation as a formaldlIQM answers “None!” The question of whatorrelations
ization and extension of Bohr's doctrine of complemen-have physical reality, which the 1IQM answers with “All!”
tarity.*® The consistent historians liberate complementarityhas not, to my knowledge, been asked in this context. While
from the context of mutually exclusive experimental arranged maintain that abandoning the ability of physics to speak of
ments, by stating the restrictions in terms of the quantuncorrelata is a small price to pay for the recognition that it can
mechanical formalism itself, without any reference to mea-speak simultaneously and consistently of all possible corre-

At the risk of losing the interest of those wkitke myself)
ad only the first and last sections before deciding whether
e rest is worth perusing, | conclude with some brief com-
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lations, there remains the question of how to tie this wonderACKNOWLEDGMENTS

ful structure of relationships down to anything particular, if o . )

physics admits of nothing particular. If this view of quantum mechanics has acquired more co-
At this stage | am not prepared to offer an answer, beyond@l€rence since its first appearance, much of this is due to

noting that this formulates the conceptual problem posed byesponses my “Ithaca Interpretation” essay elicited, and to

guantum mechanics in a somewhat different way, and Sugﬁeachons to mnumerapl_e_earller dra_fts of the present essay.

gesting that there may be something to be learned by think=°r such thoughtful criticisms | am indebted to Leslie Bal-

ing about it along these lines. | suspect our unfathomabléEntine, Gilles Brassard, Rob Clifton, Michael Fisher, Chris-

conscious perceptions will have to enter the picture, as a wayPher Fuchs, Sheldon Goldstein, Kurt Gottfried, David Grif-
b P P iths, Robert Griffiths, Yuri Orlov, Abner Shimony, William

of updating the correlations. To acknowledge this is not t .
acknowledge that “consciousness collapses the wavelvootters, and several anonymous reviewers of a proposal to

packet.” But it is to admit that quantum mechanics does nof€ National Science Foundation, which | am nevertheless
describe a world of eternally developing correlatiue- pleased to be able to thank for supporting this work under
scribed by “the wave-function of the universg'but a phe- S S C

nomenology for investigating what kinds of correlations can

coexist with each other, and for updating current correlation i
and extrapolating them into the future. This phenomenolog}‘PPENDIX A: THE SSC THEOREM—SUBSYSTEM

applies to any system that can be well approximated as conzORRELATIONS DETERMINE THE STATE
pletely isolated. ; S 1 D np ; ;
A skeptic might object that the problem of how to update Given a system/=.7; +./ with density matrixW, then
correlations is nothing more than the measurement problerns{,v IS completel_y determined by the values of W(A= B)
under a new name. Perhaps it is, but at least the problem [8F @n appropriate set of observable paks B, where A
posed in a new context: How are we to understand the inter=A® 1 is an observable of subsyste andB=1®B is an
play between correlation as the only objective feature oPbservable of subsystent,. The proof is straightforward.
physical reality and the absolute particularity of conscious Give the state spaces fof; and.”, orthonormal bases of
reality? Is something missing from a description of naturestates ) and|¢,), respectively. Let thé\'s consist of the
whose purpose is not to disclose the real essence of the phdermitian operators orr’,
nomena but only to track down relations between the mani- () 1
fold aspects of our experience? Is this a shortcoming of our AF =3 )l + [ ) (W) (29
description of nature or is it a deep problem about the naturgng
of our experience? " 1
Besides “measurement” John B€llalso disapproved of (uv)_ — _
the word “system”—a word | have used uncritically more A= () (bl =) (D), (26)
than a hundred time@ot counting “subsystem,” which oc-
curs even more oftenlf the purpose of physics is to track
down relations be_tween _the manifol_d aspects of our ex_p_eri— Bgam: %(|¢a><¢ﬁ| +|¢B><¢a|) (27
ence, then there is nothing wrong in leaving the specifica-
tions of the systems to ourselves, however we manage to df’
it—sometimes by direct conscious perception, sometimes by 1
deductions from what we have learned from the correlations Bi(“ﬁ)=z (|pa)(Ppl—1bp){(Pal)- (29
we have managed to induce between the systems we can
perceive and the ones we cannot. Admitting “system” to the The statedy,,,¢,)=|¢,)®|¢,) are a complete ortho-
proper vocabulary of physics is not the same as admittingiormal set of states for the composite systefnand the
“correlata”—the (physically inaccessibjeparticular values  density matrixW for the entire systen” is determined by
of the quantifiable properties of an individual system. its matrix elements
By acknowledging that in our description of nature the
purpose is not to disclose the real essence of the phenomena, <‘/’v’¢B|W| Y ba)=Tr wW(| %-ﬁba)(‘ﬂw%b- (29)
we free ourselves to construct from the manifold aspects oBut this can be expressed entirely in terms of quantities of

our experience formal representations of the systems Wge form TrW(A®B)—i.e., in terms of subsystem correla-
want to talk about. We have learned how to express theifions:

possible correlations by an appropriate state space, and the
evolution of those correlations by an appropriate Hamil-{%s> ®lW| ¥, =Tr W(| ., ¢a){, b))

and let theB’s consist of the Hermitian operators oy,

tonian. By setting aside “the real essence of the phenom- =Tr W((A¥") + A

ena” we also acquire the ability to replace the befuddling ' :

spectre of an endlessly branching state of the universe—as ®(B§“ﬁ)+i3§“ﬁ>))

disturbing in the self-styled down-to-earth Bohmian interpre-

tation as it is in the wildest extravagances of the many =Tr WA @B(*#)) —Tr W(A*"

worlds interpretation—with a quantum mechanics that sim- (@B (1) o a(@B)

ply tells us how we can expect some of the manifold aspects ®B")+1 Tr WA ®B{™™)

of our experience to be f:or_re_lated with oth_ers. While this +iTr W(Af“”@BE“’”). (30)

may sound anthropocentric, it is my expectation dahro- _

pos can be kept out of everything but the initial and final Thus the values of the subsystem correlations between all the

conditions, and ofterfbut not alway} even out of those. A’s andB’s are enough to determine all the matrix elements
But this remains to be explored. of W in a complete set of states for the total systemand
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hence they are enough to determine the density méfrfrr 0={(¢",xnl¥". (35

the total system. Now if th h | basis for th
This proof straightforwardly generalizes to a system ow i t_e |¢’i> are an ort onormai asis or_t e state space
.of .77 with |¢1)=]|¢), then eacHW¥') appearing in the ex-

=91+--+., composed of more than two subsystems: L :
Given any resolution of” into n subsystems, the density pansion(33) of W is of the form
matrix of.””is entirely determined by the correlations among ) )
appropriate observables belonging to those subsystems. In [¥)=2 [&;.xn)(&; .xal ¥'). (36)
such cases the structure of quantum mechanics guarantees bn
the important fact that it doesn’t matter whether we pin downit follows from (35) that
the density matrix, for example, 6=/ +.7,+.3 from
correlations between observables .gf;, with observables |\Pi>:2 | b, xe) Do xnl ¥
that act globally on/5+.3, or from correlations between n
observables of/; with observables acting globally o} _
+.7,, or from tripartite correlations among observables act- =)@ 2 [xn){ b xnl ¥'). (37)
ing only on the three subsystems. "
Thus the density matrix of a composite system determine¥his [with the form(33) of W] shows thatV is indeed of the
all the correlations among the subsystems that make it uform (32).
and, converselythe correlations among all the subsystems Conversely, if the state of”; is mixed, then its density
completely determine the density matrix for the composit@yatrix has the form
system they make uphe mathematical structure of quantum
mechanics imposes constraints, of course, on what those cor- _
relations can t?e—namely they are restricted to those that can Wy=2 pil {4l (38)

arise from some global density matrix. The particular form
of that density matrix is then completely pinned down by theWhere _the statesp;) are orthonormal and at least two of _the
pi (which we can take to bp; andp,) are nonzero. This

correlations themselves. i i - Y YPL
That the correlations cannot be more general than that igensity matrix can arise if; is a subsystem of a larger

the content of Gleason’s Theoréhit would be interesting  system’=.1+.7, with pure-state density matrix

to explore the extent to which the underlying structure of W=|W)(W| (39)

probabilities assigned to subspaces of a Hilbert space on '

which Gleason’s Theorem rests is itself pinned down by thevhere the stat¢WV) is given by

requirement of consistency among the different possible

resolutions of a system into subsystems. W)= Vpild)elx), (40)
i

APPENDIX B: THE EXTERNAL CORRELATIONS
OF A SYSTEM ARE NECESSARILY TRIVIAL
IF AND ONLY IF ITS STATE IS PURE

and the|x;) are an orthonormal set of states fab . If ob-
servablesA; andA, are defined for each subsystem by

A= + 41
We first show that if the state of a subsystem is pure, 1= 141Xl +]82) (4] 4
i.e., if its density matrixW, is a one-dimensional projection @nd

operator, A= x1){xal +x2){xal, (42

Wi=P,=|d)(4l, 31 thenA; andA, are nontrivially correlated, since
then the density matrixV of any larger system systemr’ Tr WA _

‘ ; - : ®A,=24 43
=.71+., containing.”; as a subsystem must be of the 1o P1P2 “3
form but

W=P ,&W,, (32) Tr WA ®1=0, TrWl®A,=0. (44

and therefore all external correlations.@f, are trivial.
This is easily established in the representation in whith
is diagonal:

APPENDIX C: GLOSSARY OF TERMS

Internal correlations.The internal correlations of a system
, , are the correlations prevailing among any of its subsystems.
W=2 wi| (], (33 External correlationsThe external correlations of a sys-
: tem are those it has with other systems which together con-
where the weightsy; are non-negative. If the reduced den- stitute the subsystems of a larger system.
sity matrix W, for .3 has the form(31), then its diagonal ~ Trivial correlations. Subsystem correlations arising from
elements| ' |W;|¢') must vanish for any states’) in the 0t probabilities that are products of subsystem probabili-

; Cia i ties.
state space of”; orthogonal td ¢); i.e., if the|x,) are any . . . .
orthonormal basis for the state spacessf, then Nontrivial correlations.Correlations that are not trivial—

i.e., in which the mean of some products differs from the
, . , (2 product of the means.
0=2 (¢ Xl W xn) =2 Wil( . xal T2 (39) State.The state of a system is the complete set of all its
: b internal correlations. These are concisely encoded in its den-
Since thew; are non-negative, for every nonzesowe have  sity matrix.
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SSC TheoremThe theorem on the Sufficiency of sub- 5D. Bohm and D. J. HileyThe Undivided UniverséRoutledge, New York,

system correlations for a complete determination of the

quantum state of a composite system. It is stated and prove

in Appendix A; see also Ref. 17.
Pure stateThe state of a system whose density matrix is a

1993.

‘a:or a recent review and a set of references, see for example Philip Pearle,

‘Wavefunction Collapse Models With Nonwhite Noise,” iRerspectives
on Quantum Realityedited by Rob Cliftor{Kluwer, Dordrecht, 1995 pp.
93-109.

one-dimensional projection operator. Or, equivalently, theA technical point: In taking the state space of the system to be a product of

state of a system that has no nontrivial external correlations.

Mixed state.The state of a system whose density matrix is
not a one-dimensional projection operator. Or, equivalently,

the state of a system that can have nontrivial external corre-

lations.

Dynamically isolated systerd system that has no exter-
nal interactions.

Completely isolated syster.system that has no external
interactions or correlations.

Specimen.A subsystem(usually microscopic that we
wish to learn something about.

Apparatus A macroscopic subsystem we dynamically cor-
relate with a specimen.

MeasurementThe dynamical process by which the corre-

lations between a specimen and an apparatus are brought int

the particular canonical forr(6).
Physical locality.The fact that the internal correlations of

subsystem state spaces | am restricting the discussion to cases where the
significant manifestations of quantum mechanical indistinguishability of
particles—the symmetry or antisymmetry of many-particle wave
functions—are limited to the constituents of the individual subsystems.
This is conventionalthough rarely notedin discussions of the founda-
tions of quantum mechanics. Thus in discussing the measurement of the
spin of an atom, one does not antisymmetrize the combined wave function
for the atom—apparatus system over, for example, the electronic variables
occurring in both subsystems. The overlap between atomic and apparatus
electronic wave functions is taken to be zero. Since the major conceptual
problems posed by quantum mechanics—nonlocality and the measurement
problem—are present even in the quantum mechanics of distinguishable
particles, this simplification does not appear to evade essential features. A
more rigorous approach will probably require a field-theoretic formulation.
There seems no point in trying to cross that bridge unless one can first
cross the simpler one attempted here. In a similar vein, | also consider here
8n|y nonrelativistic quantum mechanics, because the conceptual problems
are already present in the nonrelativistic theory. A treatment of relativistic
guantum mechanics will also require a field theoretic reformulation.

8This is spelled out more explicitly at the beginning of Sec. IX.

a dynamically isolated system do not depend on any interacsror example, the joint distribution for electron position and proton posi-

tions experienced by other systems external to it.
Metaphysical locality.The requirement(often violated

that the external correlations of a dynamically isolated sys-

tem should make sense in terms of internal correlata.
Correlatum.The particular value of a property of an indi-

tion in a hydrogen atom exists simultaneously with the joint distribution
for electron momentum and proton position, even though the position and
momentum of the electron do not have joint physical reality or a mean-
ingful joint distribution of their own. And both the position—position and
momentum—position distributions return the same distribution for the pro-
ton position, when the electronic variables are integrated out.

vidual system(represented in the formalism by a particular iorhe essential role of objective probability in the quantum mechanical de-

eigenvalue of the corresponding hermitian opepatéic-
cording to the [IQM, correlations among the correlata of dif-

scription of an individual system was stressed by Popper, who used the
term “propensity.” See Karl PoppeQuantum Theory and the Schism in

ferent subsystems have physical reality but the correlataPhysics(Rowman and Littlefield, Totowa, NJ, 1982Heisenberg may

themselves do not.

Physical reality.That whereof physics can speak. For ex-
ample the physical reality dflue includes a certain class of
Fourier decompositions of the radiation field, and the excita-
tions in the retina produced by fields with such Fourier de-

have had something similar in mind with his term “potentia.” While |
agree with Popper that quantum mechanics requires us to adopt a view of
probability as a fundamental feature of an individual system, | do not
believe that he gives anything like an adequate account of how this clears
up what he called the “quantum mysteries and horrors.” See N. David
Mermin, “The Great Quantum Muddle,” Philos. S&0, 651-656(1983;

compositions, and the signals transmitted by such excitationsreprinted inBoojums All the Way Throug{Cambridge U.P., Cambridge,

to the visual cortex.
Reality. Physical reality plus that on which physics is si-

lent, its conscious perception. For example for me the reality:

of blue consists of its physical reality augmented by my ac-
companying sensation dueness

IIQM. “The Ithaca Interpretation of Quantum
Mechanics”"—the constellation of ideas put forth above,
more accurately characterized as “An Ithaca Interpretation
of Quantum Mechanics.”

!Notes for a lecture given at the Symposium in Honor of Edward M. Pur-
cell, Harvard University, October 18, 1997.

2Introductory Survey toAtomic Theory and the Description of Nature
(Cambridge U.P., Cambridge, 1934. 18. Reprinted iNiels Bohr, Col-
lected WorkgNorth-Holland, Amsterdam, 1985Vol. 6, p. 296.

3N. David Mermin, “The Ithaca Interpretation of Quantum Mechanics,”

1990, pp. 190-197.

MWolfgang Pauli, “Probability and physics,” iWritings on Physics and

Philosophy(Springer-Verlag, New York, 1994pp. 43—48.
1 comment further on the Everett interpretation, which was subsequently
transformed into the many worlds interpretation, in Sec. XI.

BEinstein was apparently resigned to the inaccessibilitpaf to physics.

According to Carnap*Intellectual Autobiography,” inThe Philosophy of
Rudolf Carnap edited by P. A. SchilpgOpen Court, LaSalle, IL, 1963

pp. 37-3§ in a conversation in the early 1950’s “Einstein said that the
problem of the Now worried him seriously. He explained that the experi-
ence of the Now means something special for man, something essentially
different from the past and the future, but that this important difference
does not and cannot occur within physics. That this experience cannot be
grasped by science seemed to him a matter of painful but inevitable res-
ignation.” This is particularly interesting in view of Einstein’s notorious
unwillingness to extend his resignation over the inability of physics to deal
with the special character afow, to its inability to deal with the special
character of correlata underlying the quantum correlations.

Pramandto be publishej a version can be found in quant-ph 9609013, ¥To my surprise, this point—a banality among philosophers, who speak of

Los Alamos e-Print archive at xxx.lanl.gg¥996. The nomenclature was
intended to indicate a resemblance to the body of interpretational lore

gualia—is extremely hard, if not impossible, to put across to some physi-
cists. | have sometimes managed to do it by citing a theory | had as a child

named after a grander city in northern Europe, and also, by its geographicto account for the fact that different people have different favorite colors.
modesty and lack of descriptive content, to suggest that what was beingMy idea—a kind of chromo-aesthetic absolutism—was that there was, in
promulgated was not so much a logical foundation for the subject as a fact, only one most pleasurable color sensation, but the reaaarfavor-
philosophical perspective or pedagogical approach. It does not imply that ite color was blue whileninewas red was that the sensation you experi-
others in Ithaca share these views, or that others outside of Ithaca have noenced looking at blue objects was identical to the sensation | experienced

expressed similar thoughts. None of the ingredients of the 1IQM are novel,
but | have cooked them together into a somewhat different stew.

looking at red ones. | recently found precisely this exanipEmplete to
the choice of colors—only “you” and “me” are interchangedn a list of

“These are examples of the kinds of terms or distinctions that have a specialpossibly meaningless questions in P. W. BridgniBme Logic of Modern

character in the [IQM, and are collected together in Appendix C.
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5For an example see the discussion of quantum nonlocality in Sec. X. Be Considered Complete?” Phys. Re#8, 696-702(1935. One of
1For an engaging discussion of these issues and many references, see Eud#ohr's points is that there is nothing new or unusual about EPR correla-

Squires,Conscious Mind in the Physical WorlgHilger, Bristol and New tions: Precisely the same kinds of correlations are set up in the measure-
York 1é90 ' ment process, and therefore there is no cause for alarm because he has

. . . . Iready straightened out that blem.
7S, Bergia, F. Cannata, A. Cornia, and R. Livi, “On the actual measurabll-szi{t?;tyEsinrsatlgineréeorigupod%bpkr; :r?& Nathan Rosen, “Can Quantum-

ity of the density matrix of a decaying system by means of measurements \1ochanical Description of Physical Reality Be Considered Complete?”
on the decay products,” Found. Phyl€), 723—-730(1980. See also W. K. Phys. Rev47, 777-780(1935.
Wootters, inComplexity, Entropy and the Physics of Informatiedited 3This point of view is expressed in Lee Smolifine Life of the Cosmos
by W. H. Zurek(Addison—Wesley, Redwood City, CA, 199(@p. 39—-46. (Oxford U.P., New York, 1997
183, S. Bell, “Against measurement,” Phys. World 33—@8ugust, 1990. i ’ )
This critique elicited interesting rejoinders from Rudolf Peiétin de-
fense of measurement,” Phys. World 19—anuary, 1991 and Kurt
Gottfried [“Does quantum mechanics carry the seeds of its own destruc
tion?” 31-40(October, 199]]. Bell's death deprived us of his response.
19 defer to Sec. VIII any discussion of “the measurement problem”—the
constellation of issues arising in the context of “wave-packet collapse.”
2FAPP=For all practical purposes. See J. S. Bell, in Ref. 18.
2'The exact absence of interference effects for any observables associate
entirely with either the system or the apparafus, of the formSa1 or 36H. Everett, lll, in Ref. 22. It was later swept off into the many worlds
1®A for arbitrary system and apparatus observal8eand A), is, of - Do T
course, also directly evident from the fortd) of the post-measurement 37|n;eriftz)e;ﬁz(rmlz'uchsprivate communication

fth | i - in which the ph - . . . .
(pure state of the total specimen-—apparatus system, in which the phases A similar attitude has been expressed by Rudolf Pei&usprises in The-

the a; still appear. ) . . . o
22Hugh Everett Ill, “Relative-State Formulation of Quantum Mechanics,” 0ret|pa| Physms(Prln(_:eton up., Prlnceton," N.J’ 1979. 3.3' We are
Rev. Mod. Phys29, 454-462(1957). Everett says virtually nothing about confident t_oday that, if we could _solve the S_odhruger equation for all the
many worlds except, perhaps, in a note added in proof. I discuss the electrpns in a large m_olecule, it wopld give us all the knoyvledge that
relation of the 1IIQM to Everett's relative-state formulation in Sec. XI. chemists are able to discover about it... . Many people take it for granted
2350 N. David Mermin, “Hidden Variables and the Two Theorems of John that the same must be true of the science of life. The difficulty about how
Bell,” Rev. Mod. Phys.65, 803—815(1993, especially Sec. VII. to formulate the a_lcquis‘ition of info_rmation, which we_have m_et, is a strong
24 ycien Hardy, “Quantum mechanics, local realistic theories, and Lorentz- 1€ason for doubting th'IS assumptlon.” Even closer is the view of Robert
invariant realistic theories,” Phys. Rev. Le@8, 2981-29841992. The Geroch, “The Everett interpretation,” Nouss, 617-633(1984, p. 629:
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Mermin, “Quantum mysteries refined,” Am. J. Phyg2, 880—897(1994). deemed_ to have_ occurred for a specific experiment, but ra_tther the general
2Nor is the absence of subsystem correlata a peculiarity of a small class ofhuman impression that classical outcomes do occur. This problem may
specially contrived states. Hardy has shoimthe context of a “nonlo- ~ Well be soluble, but is probably beyond our present abilities; and, in any
cality” argument, but the theorems apply equally well in the present con-_Case, is basically not a problem in quantum mechamgs.”
texi) that this state of affairs is generic, holding for appropriate subsystem ‘See, for example, Roger Penro§ae Emperor's New MindOxford U.P.,
observables whenever a system=.7;+.7, hasany nontrivial correla- New York, 1989, and Shadows of the MingOxford U.P., New York,
tions between its subsystem§ and.”, (unless the individual subsystem  1994; Henry StappMind, Matter, and Quantum Mechani¢Springer-
probabilities are completely random—i.e., unless the individual subsystem Verlag, New York, 1998 _
density matrices are proportional to the unit matri8ee Lucien Hardy, “°See, for example, Jeffrey Bulnterpreting the Quantum WorlgCam-
“Nonlocality for two particles without inequalities for almost all en-  bridge U.P., Cambridge, 199and Bas C. Van FraasseQuantum Me-

34carlo Rovelli, “Relational Quantum Mechanics,” Int. J. Theoret. Phys.
35, 1637-78(1996. See also quant-ph 9609002, Los Alamos e-Print ar-
chive at xxx.lanl.go\1996.

SGyula Bene, “Quantum Reference systems: a new framework for quantum
mechanics,” quant-ph/9703021, Los Alamos e-Print archive at
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of locality—a new interpretation with physical consequences,” Physica
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THERE IS NO TEACHING IN PHYSICS

As | have grown older, | have come more and more to the conclusion that there is no teaching
in physics, there is only inspiration to learn. ... The teacher may stimulate the mind of the student...
but the journey to that goal must be made by the student himself.
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