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Introductory Note

This is a translation of Schrodinger's three-par®35L paper[l] in Die
Naturwissenschaften. Earlier that same year thadeappeared the Einstein, Podolsky,
Rosen paper[2] (also famous in "paradoxology") WwhB&chrodinger says, in a footnote,
motivated his offering. Along with this article German, Schrédinger had two closely-
related English-language publications.[3] But theri@an, aside from its one-paragraph
presentation of the famous cat, covers additioealtory and gives many fascinating
insights into Schrddinger's thought. The translatgoal has been to adhere to the
logical and physical content of the original, whide the same time trying to convey
something of its semi-conversational, at timeshslygsardonic flavor.

TRANSLATION

1. The Physics of Models

In the second half of the previous century theosayfrom the great progress in kinetic
theory of gases and in the mechanical theory dof lagaideal of the exact description of
nature that stands out as the reward of centuriag-search and the fulfillment of
millennia-long hope, and that is called classitalkese are its features.

Of natural objects, whose observed behavior onehimigeat, one set sup a
representation - based on the experimental datanels possession but without
handcuffing the intuitive imagination - that is Wwed out in all details exactly, much
more exactly than any experience, consideringntdd extent, can ever authenticate.
The representation in its absolute determinacymbses a mathematical concept or a
geometric figure which can be completely calculafiesn a number of determining
parts; as, e.g., a triangle's one side and twaradgangles, as determining parts, also
determine the third angle, the other two sides, ttlree altitudes, the radius of the
inscribed circle, etc. Yet the representation dsffmtrinsically from a geometric figure
in this important respect, that also in time asrtfouwdimension it is just as sharply
determined as the figure is in the three space mbioas. Thus it is a question (as is
self-evident) always of a concept that changes witte, that can assume different
states; and if a state becomes known in the negessmber of determining parts, then
not only are all other parts also given for thisnmemt (as illustrated for the triangle
above), but likewise all parts, the complete stiie.any given later time; just as the
character of a triangle on its base determineshi&acter at the apex. It is part of the
inner law of the concept that it should change given manner, that is, if left to itself
in a given initial state, that it should continulyusun through a given sequence of
states, each one of which it reaches at a fullgrd@hed time. That is its nature, that is
the hypothesis, which, as | said above, one buddsa foundation of intuitive
imagination.



Of course one must not think so literally, thathis way one learns how things go in
the real world. To show that one does not think,tbne calls the precise thinking aid
that one has created, an image or a model. Withintssight-free clarity, which cannot
be attained without arbitrariness, one has merefured that a fully determined
hypothesis can be tested for its consequencespuwtitiidmitting further arbitrariness
during the tedious calculations required for demgvthose consequences. Here one has
explicit marching orders and actually works outyowhat a clever fellow could have
told directly from the data! At least one then kisowhere the arbitrariness lies amd
where improvement must be made in case of disagneiemith experience: in the
initial hypothesis or model. For this one must alsvéde prepared. If in many various
experiments the natural object behaves like theemaohe is happy and thinks that the
image fits the reality in essential features. fhits to agree, under novel experiments or
with refined measuring techniques, it is not sdidttone should not be happy. For
basically this is the means of gradually bringing picture, i.e., our thinking, closer to
the realities.

The classical method of the precise model hasiasipal goal keeping the unavoidable
arbitrariness neatly isolated in the assumptiorsienor less as body cells isolate the
nucleoplasm, for the historical process of adamtato continuing experience. Perhaps
the method is based on the belief that somehowirtiial state really determines
uniquely the subsequent events, or that a compieidel, agreeing with reality in
complete exactness would permit predictive calcaadbf outcomes of all experiments
with complete exactness. Perhaps on the other thasmdbelief is based on the method.
But it is quite probable that the adaptation ofutdjlat to experience is an infinite process
and that "complete model" is a contradiction imtgy somewhat like "largest integer".

A clear presentation of what is meant by classitadlel, its determining parts, its state,
Is the foundation for all that follows. Above al,determinate model and a determinate
state of the same must not be confused. Best canail example. The Rutherford
model of the hydrogen atom consists of two poinssea. As determining parts one
could for example use the two times three rectargrdordinates of the two points and
the two times three components of their velociaésng the coordinate axes - thus
twelve in all. Instead of these one could also skodhe coordinates and velocity
components of the center of mass, plus the separatithe two points, two angles that
establish the direction in space of the line jajnithem, and the speeds (= time
derivatives) with which the separation and the amgles are changing at the particular
moment; this again adds up of course to twelvis. ribt part of the concept "R-model of
the H-atom" that the determining parts should hpadicular numerical values. Such
being assigned to them, one arrives at a deterestate of the model. The clear view
over the totality of possible states - yet witheoeiationship among them - constitutes
"the model" or "the model in any state whatsoevBLit the concept of the model then
amounts to more than merely: the two points inazempositions, endowed with certain
velocities. It embodies also knowledge for eveatesthow it will change with time in
absence of outside interference. (Information ow boe half of the determining parts
will change with time is indeed given by the otledf, but how this other half will
change must be independently determined.) This ledye is implicit in the
assumptions: the points have the masses m, M andhharges -e, +e and therefore
attract each other with force e”2/r"2, if their @egtion is r.



These results, with definite numerical values fqrivih and e (but of course not for r),

belong to the description of the model (not finst anly to that of a definite state). m,

M, and e are not determining parts. By contragtassion r is one. It appears as the
seventh in the second "set" of the example intredwabove. And if one uses the first, r
iIs not an independent thirteenth but can be caldldrom the six rectangular

coordinates:

r=|(x1-x2)"2+ (yl-y2)"2 + (z1-2z2)"2|1/2) .

The number of determining parts (which are oftefledavariables in contrast to
constants of the model such as m, M, e) is unlonif@velve conveniently chosen ones
determine all others, or the state. No twelve Haeeprivilege of being the determining
parts. examples of other especially important det@ng parts are: the energy, the three
components of angular momentum relative to centemass, the kinetic energy of
center of mass motion. These just named have, lewavspecial character. They are
indeed variable, i.e., they have different valuedifferent states. But in every sequence
of states, that is actually passed through in these of time, they retain the same
value. So they are also called constants of theometdiffering from constants of the
model.

2. Statistics of Model Variables in Quantum Mecleani

At the pivot point of contemporary quantum mechar(@.M.) stands a doctrine, that
perhaps may yet undergo many shifts of meaningthmtt will not, | am convinced,
cease to be the pivot point. It is this, that medeith determining parts that uniquely
determine each other, as do the classical onesptdn justice to nature.

One might think that for anyone believing this, ttlassical models have played out
their roles. But this is not the case. Rather a®sprecisely them, not only to express
the negative of th new doctrine, but also to déscthe diminished mutual determinacy
remaining afterwards as though obtaining among#mee variables of the same models
as were used earlier, as follows:

A. The classical concept of state becomes losthah at most a well-chosen half of a
complete set of variables can be assigned defmiteerical values; in the Rutherford
example for instance the six rectangular coordsatethe velocity components (still
other groupings are possible). the other half thesnains completely indeterminate,
while supernumerary parts can show highly varyirepgrdes of indeterminacy. In
general, of a complete set (for the R-model twgbagts) all will be known only
uncertainly. One can best keep track of the degfemcertainty by following classical
mechanics and choosing variables arranged in péisg-called canonically-conjugate
ones. The simplest example is a space coordinafeaxpoint mass and the component
p_x along the same direction, its linear momentuen, (mass times velocity). Two such
constrain each other in the precision with whiakytmay be simultaneously known, in
that the product of their tolerance- or variatiomhhs (customarily designated by
putting a Delta ahead of the quantity) cannot kelow the magnitude of a certain
universal constant,[4] thus:

Delta-x . Delta-p_x >= hbar.

(Heisenberg uncertainty relation.)



B. If even at any given moment not all variables determined by some of them, then
of course neither are they all determined for arlaioment by data obtainable either.
This may be called a break with causality, but iewwvof A., it is nothing essentially
new. If a classical state does not exist at any emt can hardly change causally.
What do change are the statistics or probabilitiesse moreover causally. Individual
variables meanwhile may become more, or less, taineOverall it may be said that
the total precision of the description does noingeawith time, because the principle of
limitations decsribed under A. remains the sanmevaty moment.

Now what is the meaning of the terms "uncertairstatistics”, "probability"? Here
Q.M. gives the following account. It takes over uestioningly from the classical
model the entire infinite roll call of imaginableanables or determining parts and
proclaims each part to be directly measurable,addaeasuravle to arbitrary precision,
so far as it alone is concerned. If through a wktsen, constrained set of
measurements one has gained that maximal knowlefigen object which is just
possible according to A., then the mathematicabegips of the new theory provides
means of assigning, for the same or for any latstant of time, a fully determined
statistical distribution to every variable, that @ indication of the fraction of cases it
will be found at this or that value, or within thas that small interval (which is also
called probability.) The doctrine is that this msfact the probability of encountering the
relevant variable, if one measures it at the reletiene, at this or that value. By a single
trial the correctness of this probability prediatican be given at most an approximate
test, namely in the case that it is comparativebrg, i.e., declares possible only a small
range of values. To test it thoroughly one mustatphe entire trial ab ovo (i.e.,
including the orientational or preparatory measwets) very often and may use only
those cases in which the preparatory measurements exactly the same results. For
these cases, then, the statistics of a particuaiae, reckoned forward from the
preparatory measurements, is to be confirmed byurement - this is the doctrine.

One must guard against criticizing this doctrineaagse it is so difficult to express; this
iIs a matter of language. But a different criticisarfaces. Scarcely a single physicist of
the classical era would have dared to believe,hinking about a model, that its
determining parts are measurable on the naturabcobjOnly much remoter
consequences of the picture were actually openperanental test. And all experience
pointed towards one conclusion: long before theaading experimental arts had
bridged the broad chasm, the model would have antialy changed through
adaptation to new facts. --Now while the new thewal}s the classical model incapable
of specifying all details of the mutual interretatship of the determining parts (for
which its creators intended it), it neverthelesasiders the model suitable for guiding
us as to just which measurements can in princigleriade on the relevant natural
object. This would have seemed to those who thoughthe picture a scandalous
extension of their thought-pattern and an unscawmilproscription against future
development. Would it not be pre-established hagnadra peculiar sort if the classical-
epoch researchers, those who, as we hear todaychigigéa of what measuring truly is,
had unwittingly gone on to give us as legacy a gnio@ scheme revealing just what is
fundamentally measurable for instance about a lggir@tom!?

| hope later to make clear that the reigning doetiis born of distress. Meanwhile |
continue to expound it.



3. Examples of Probability Predictions

All of the foregoing pertains to determining paofsa classical model, to positions and
velocities of point masses, to energies, angulamemta, etc. The only unclassical
feature is that only probabilities are predictedt us have a closer look. The orthodox
treatment is always that, by way of certain measergs performed now and by way of
their resulting prediction of results to be expdcté other measurements following
thereafter either immediately or at some given firage gains the best possible
probability estimates permitted by nature. Now hadoes the matter really stand? In
important and typical cases as follows.

If one measures the energy of a Planck oscilltherprobability of finding for it a value
between E and E' cannot possibly be other thanwdes between E and E' there lies at
least one value from the series 3.pi.hbar.nu, Hbpr.nu, 7.pi.hbar.nu, 9.pi.hbar.nu,...
For any interval containing none of these valuespitobability is zero. In plain English:
other measurement results are excluded. The vahgesdd multiples of the constant of
the model pi.hbar.nu

(Planck constant) / 2.pi, nu = frequency of thaltzor.

Two points stand out. First, no account is takepreteding measurements - these are
quite unnecessary. Second, the statement certdadgn't suffer an excessive lack of
precision - quite to the contrary it is sharpemnthay actual measurement could ever be.

Figure 1. I\

Angular momentum. M is a material point, O a geoioaeference point. The vector
arrow represents the momentum (= mass times vgJooit M. Then the angular
momentum is the product of the length of the arbgvithe length OF.

Another typical example is magnitude of angular reatam. In Fig. 1 let M be a

moving point mass, with the vector representing,magnitude and direction, its

momentum (mass times velocity). O is any arbitfaegd point in space, say the origin
of coordinates; thus not a physically significaninp, but rather a geometric reference
point. As magnitude of the angular momentum of MbwbO classical mechanics
designates the product of the length of the monmentector by the length of the

normal OF. In Q.M. the magnitude of angular momenis governed much as the
energy of the oscillator. Again the probabilityzsro for any interval not containing

some value(s) from the following series

hbar(2)*(1/2), hbar(2x3)~(1/2), hbar(3x4) (1/2) an@x5)~(1/2),...:



that is, only one of these values is allowed. Agdiis is true without reference to
preceding measurements. And one readily conceioss important is this precise
statement, much more important than knowing whidhtleese values, or what
probability for each of them, would actually penté® a given case. Moreover it is also
noteworthy here that there is no mention of thermerice point: however it is chosen
one will get a value from the series. This asserieems unreasonable for the model,
because the normal OF changes continuously as d¢he @ is displaced, if the
momentum vector remains unchanged. In this examplsee how Q.M. does indeed
use the model to read of those quantities whichocamemeasure and for which it makes
sense to predict results, but finds the classicableh inadequate for explicating
relationships among these quantities. Now in batngles does one not get the feeling
that the essential content of what is being saidardy with some difficulty be forced
into the Spanish boot of a prediction of probapibf finding this or that measurement
result for a variable of the classical model? Doee not get the impression that here
one deals with fundamental properties of new clsdecharacteristics, that keep only
the name in common with classical ones? And by mama do we speak here of
exceptional cases, rather it is precisely the tualjpable statements of the new theory
that have this character. There are indeed problaore nearly of the type for which
the mode of expression is suitable. But they arenbymeans equally important.
Moreover of no importance whatever are those tteahaively set up as class exercises.
"Given the position of the elctron in the hydroggom at time t=0, find the statistics of
its position at a later time." No one cares abbat.t

The big idea seems to be that all statements pdaddhe intuitive model. But the useful
statements are scarcely intuitive in it, and itgitive aspects are of little worth.

4. Can One Base the Theory on Ideal Ensembles?

The classical model plays a Protean role in Q.MchEaf its determining parts can
under certain circumstances become an object efest and achieve a certain reality.
But never all of them together - now it is thesewrthose, and indeed always at most
half of the complete set of variables allowed bfulapicture of the momentary state.
Meantime, how about the others? Have they then eadity, perhaps (pardon the
expression) a blurred reality; or are all of thdmags real and is it merely, according to
Theorem A. of Sect. 2, that simultaneous knowleafgbem is ruled out?

The second interpretation is especially appealintpdse acquainted with the statistical
viewpoint that came up in the second half of thecpding century; the more so,
considering that on the eve of the new century twnartheory was born from it, from a
central problem in the statistical theory of h@dax Planck's Theory of Heat Radiation,
December, 1899). The essence of this line of thbughprecisely this, that one
practically never knows all the determining partshe system, but rather much fewer.
To describe an actual body at a given moment oliesrtherefore not on one state of
the model but on a so-called Gibbs ensemble. Byithmeant an ideal, that is, merely
imagined ensemble of states, that accurately tsflmar limited knowledge of the actual
body. The body is then considered to behave asgtham a single state arbitrarily
chosen from this ensemble. This interpretation Hea most extensive results. Its
highest triumphs were in those cases for whichatficgtates appearing in the ensemble
led to the same observable behavior. Thus the $adyiduct is now this way, now that,
just as foreseen (thermodynamics fluctuations)firat thought one might well attempt
likewise to refer back the always uncertain stat@sief Q.M. to an ideal ensemble of



states, of which a quite specific one applies in @mncrete instance - but one does not
know which one.

That this won't work is shown by the one exampleawfjular momentum, as one of
many. Imagine in Fig. 1 the point M to be situadé¢darious positions relative to O and
fitted with various momentum vectors, and all thpessibilities to be combined into an
ideal ensemble. Then one can indeed so choosepbsgm®mns and vectors that in every
case the product of vector length by length of radr@F yields one or the other of the
acceptable values - relative to the particular p@n But for an arbitrarily different
point O, of course, unacceptable values occursHmpeal to the ensemble is no help at
all. --Another example is the oscillator energykd&ahe case that it has a sharply
determined value, e.g., the lowest, 3.pi.hbar.he Jeparation of the two point masses
(that constitute the oscillator) then appears vemgharp. To be able to refer this
statement to a statistical collective of statesldioequire the distribution of separations
to be sharply limited, at least toward large valu®g that separation for which the
potential energy alone would equal or exceed theeva.pi.hbar.nu. But that's not the
way it is - arbitrarily large separations occureevthough with markedly reduced
probability. And this is no mere secondary caldalatesult, that might in some fashion
be circumvented, without striking at the heartref theory: along with many others, the
quantum mechanical treatment of radioactivity (Gameests on this state of affairs. --
One could go on indefinitely with more examples.eGioud| note that there was no
question of any time-dependent changes. It wouldfb® help to permit the model to
vary quite "unclassically”, perhaps to "jump". Addy for the single instant things go
wrong. At no moment does there exist an ensembbtastical states of the model that
squares with the totality of quantum mechanicalestents of this moment. The same
can also be said as follows: if | wish to ascribalte model at each moment a definite
(merely not exactly known to me) state, or (whistlthe same) to all determining parts
definite (merely not eactly known to me) numericalues, then there is no supposition
as to these numerical values to be imagined thatdumot conflict with some portion of
guantum theoretical assertions.

That is not quite what one expects, on hearing thatpronouncements of the new
theory are always uncertain compared to the clalssies.

5. Are the Variables Really Blurred?

The other alternative consists of granting realityly to the momentarily sharp
determining parts - or in more general terms tdheariable a sort of realization just
corresponding to the quantum mechanical statigiicshis variable at the relevant
moment.

That it is in fact not impossible to express therde and kind of blurring of all
variables in one perfectly clear concept followsoate from the fact that Q.M. as a
matter of fact has and uses such an instrumentsahealled wave function or psi-
function, also called system vector. Much moreoi®e said about it further on. That it
is an abstract, unintuitive mathematical constriscta scruple that almost always
surfaces against new aids to thought and thatesano great message. At all events it is
an imagined entity that images the blurring of\alliables at every moment just as
clearly and faithfully as does the classical matsesharp numerical values. Its equation
of motion too, the law of its time variation, s;tpas the system is left undisturbed,
lags not one iota, in clarity and determinacy, hdhihe equations of motion of the
classical model. So the latter could be straighivwdly replaced by the psi-function,



so long as the blurring is confined to atomic scatd open to direct control. In fact the
function has provided quite intuitive and convenigteas, for instance the "cloud of
negative electricity" around the nucleus, etc. 8rious misgivings arise if one notices
that the uncertainty affects macroscopically talegénd visible things, for which the
term "blurring” seems simply wrong. The state ahdioactive nucleus is presumably
blurred in such a degree and fashion that neitineiiristant of decay nor the direction,
in which the emitted alpha-particle leaves the eus] is well-established. Inside the
nucleus, blurring doesn't bother us. The emergartjgbe is described, if one wants to
expain intuitively, as a spherical wave that cambnsly emanates in all directions and
that impinges continuously on a surrounding lumiees screen over its full expanse.
The screen however does not show a more or lessgasdnuniform glow, but rather
lights up at one instant at one spot - or, to hdhertruth, it lights up now here, now
there, for it is impossible to do the experimenthvanly a single radioactive atom. If in
place of the luminescent screen one uses a spatigiended detector, perhaps a gas
that is ionised by the alpha-patrticles, one firfuls ibn pairs arranged along rectilinear
columns,[5] that project backwards on to the biradioactive matter from which the
alpha-radiation comes (C.T.R. Wilson's cloud chanttzeks, made visible by drops of
moisture condensed on the ions).

One can even set up quite ridiculous cases. Asgagmned up in a steel chamber, along
with the following device (which must be securediagt direct interference by the cat):
in a Geiger counter there is a tiny bit of radioacsubstance, so small, that perhaps in
the course of the hour one of the atoms decaysalbat with equal probability, perhaps
none; if it happens, the counter tube dischargéstiamough a relay releases a hammer
which shatters a small flask of hydrocyanic acfdorie has left this entire system to
itself for an hour, one would say that the catl $ies if meanwhile no atom has
decayed. The psi-function of the entire system @axpress this by having in it the
living and dead cat (pardon the expression) mixeshteared out in equal parts.

It is typical of these cases that an indeterminaginally restricted to the atomic
domain becomes transformed into macroscopic inehédacy, which can then be
resolved by direct observation. That prevents amfso naively accepting as valid a
"blurred model" for representing reality. In itsélfvould not embody anything unclear
or contradictory. There is a difference betweeakyg or out-of-focus photograph and
a snapshot of clouds and fog banks.

6. The Deliberate About-face of the Epistemolog\igwpoint

In the fourth section we saw that it is not possiainoothly to take over models and to
ascribe, to the momentarily unknown or not exadthown variables, nonetheless
determinate values, that we simply don't know. @ctS5 we saw that the indeterminacy
is not even an actual blurring, for there are abvagses where an easily executed
observation provides the missing knowledge. So wkdeft? From this very hard
dilemma the reigning doctrine rescues itself byilgwvecourse to epistemology. We are
told that no distinction is to be made betweendtate of a natural object and what |
know about it, or perhaps better, what | can kndweua it if | go to some trouble.
Actually - so they say - there is intrinsically grdwareness, observation, measurement.
If through them | have procured at a given momaatliest knowledge of the state of
the physical object that is possibly attainablaéoord with natural laws, then | can turn
aside as meaningless any further questioning abeutactual state", inasmuch as | am
convinced that no further observation can extendkmywledge of it - at least, not



without an equivalent diminution in some other exgpnamely by changing the state,
see below).

Now this sheds some light on the origin of the papon that | mentioned at the end of
Sect. 2 as something very far-reaching: that aldehajuantities are measurable in
principle. One can hardly get along without thiicé of belief if one sees himself
constrained, in the intersts of physical methodpldg call in as dictatorial help the
above-mentioned philosophical principle, which easble person can fail to esteem as
the supreme protector of all empiricism.

Reality resists imitation through a model. So oeis Igo of niave realism and leans
directly on the indubitable proposition that aclydfor the physicist) after all is said
and done there is only observation, measuremergn Tdil our physical thinking
thenceforth has as sole basis and as sole obgeotshlts of measurements which can in
principle be carried out, for we must now explicitiot relate our thinking any longer to
any other kind of reality or to a model. All numbearising in our physical calculations
must be interpreted as measurement results. Beg sie didn't just now come into the
world and start to build up our science from sdratout rather have in use a quite
definite shceme of calculation, from which in viekthe great progress in Q.M. we
would less than ever want to be parted, we seeclvas forced to dictate from the
writing-table which measurements are in principbsgble, that is, must be possible in
order to support adequately our reckoning systelnms @llows a sharp value for each
single variable of the model (indeed for a wholalflset") and so each single variable
must be measurable to arbitrary exactness. We téereatisfied with less, for we have
lost our naively realistic innocence. We have naghbut our reckoning scheme, i.e.,
what is a best possible knowledge of the object Anrve couldn't do that, then indeed
would our measurement reality become highly depeinoie the diligence or laziness of
the experimenter, how much trouble he takes tormmfbimself. We must go on to tell
him how far he could go if only he were clever eglouOtherwise it would be seriously
feared that just there, where we forbid further sfioas, there might well still be
something worth knowing that we might ask about.

7. The Psi-function as Expectation-catalog

Continuing to expound the official teaching, let ugn to the already (Sect. 5)
mentioned psi-function. It is now the means fordmeng probability of measurement
results. In it is embodied the momentarily-attairseoin of theoretically based future
expectation, somewhat as laid down in a catalog the relation- and determinacy-
bridge between measurements and measurements tles atassical theory the model
and its state were. With this latter the psi-fumetmoreover has much in common. It is,
in principle, determined by a finite number of abily chosen measurements on the
object, half as many as were required in the aakgheory. Thus the catalog of
expectations is initially compiled. From then orlitanges with time, just as the state of
the model of classical theory, in constrained andque fashion ("causally”) - the
evolution of the psi-function is governed by a @ddifferential equation (of first order
in time and solved for delta(psi)/delta(t)). Th@m@sponds to the undisturbed motion of
the model in classical theory. But this goes onyanmitil one again carries out any
measurement. For each measurement one is reqaiesdtibe to the psi-function (= the
prediction-catalog) a characteristic, quite sudddrange, which depends on the
measurement result obtained, and so cannot bectrpfrom which alone it is already
quite clear that this second kind of change ofghiefunction has nothing whatever in
common with its orderly development between two sneaments. The abrupt change



by measurement ties in closely with matters dissdissSect. 5 and will occupy us
further at some length; it is the most interespiogt of the entire theory. It is precisely
the point that demands the break with naive realfson this reason one can not put the
psi-function directly in place of the model or bktphysical thing. And indeed because
one might never dare impute abrupt unforeseen @sahg a physical thing or to a
model, but because in the realism point of vieweolstion is a natural process like any
other and cannot per se bring about an interrumtidhe orderly flow of natural events.
8. Theory of Measurement, Part One

The rejection of realism has logical consequenicegeneral, a variable has no definite
value before | measure it; then measuring it dag¢smean ascertaining the value that it
has. But then what does it mean? There must &ilkdme criterion as to whether a
measurement is true or false, a method is goocay dccurate, or inaccurate - whether
it deserves the name of measurement process &rallold playing around with an
indicating instrument in the vicinity of anotherdyp whereby at any old time one then
takes a reading, can hardly be called a measureonethis body. Now it is fairly clear;

if reality does not determine the measured valen) @t least the measured value must
determine reality - it must actually be presentrafbhe measurement in that sense which
alone will be recognised again. That is, the ddsicaterion can be merely this:
repetition of the measurement must give the sarseltreBy many repetitions | can
prove the accuracy of the procedure and show that hot just playing. It is agreeable
that this program matches exactly the method oé#perimenter, to whom likewise the
“"true value" is not known beforehand. We formuliie essential point as follows:

The systematically arranged interaction of two exyst (measured object and measuring
instrument) is called a measurement on the firstesy, if a directly-sensible variable
feature of the second (pointer position) is alwamoduced within certain error limits
when the process is immediately repeated (on thme s@bject, which in the meantime
must not be exposed to any additional influences).

This statement will require considerable added centmit is by no means a faultless
definition. Empirics is more complicated than matla¢ics and is not so easily captured
in polished sentences.

Before the first measurement there might have baenarbitrary quantum-theory
prediction for it. After it the prediction alwaysns: within error limits again the same
result. The expectation-catalog (= psi-function) tiserefore changed by the
measurement in respect to the variable being medslirthe measurement procedure is
known from beforehand to be reliable, then thet fn@asurement at once reduces the
theoretical expectation within error limits on teetvalue found, regardless of whatever
the prior expectation may have been. This is thpc#y abrupt change of the psi-
function discussed above. But the expectation-ocgtahanges in unforeseen manner
not only for the measured variable itself, but afeo others, in particular for its
“canonical conjugate”. If for instance one has thema sharp prediction for the
momentum of a particle and proceeds to measurpo$#tion more exactly than is
compatible with Theorem A of Sec. 2, then the mammenprediction must change. The
guantum mechanical reckoning moreover takes catb@i®fautomatically; there is no
psi-function whatsoever that would contradict The®orA when one deduces from it the
combined expectations.

Since the expectation-catalog changes radicallijnduneasurement, the object is then
no longer suited for testing, in their full extetiite statistical predictions made earlier; at



the very least for the measured variable itseffceifor it now the (nearly) same value
would occur over and over again. That is the redsothe prescription already given in
Sect. 2: one can indeed test the probability ptextis completely, but for this one must
repeat the entire experiment ab ovo. One's preatinent of the measured object (or
one identical to it) must be exactly the same asdiven the first time, in order that the
same expectation-catalog (= psi-function) should \@id as before the first
measurement. Then one "repeats” it. (This repeatowg means of course something
quite other than earlier!) All this one must do nwfce but very often. Then the
predicted statistics are established - that isltadrine.

One should note the difference between the ematdiand the error distribution of the
measurement, on the one hand, and the theoretigadljicted statistics, on the other
hand. They have nothing to do with each other. Tdreyestablished by the two quite
different types of repetition just discussed.

Here there is opportunity to deepen somewhat tleveabttempted delimitation of
measuring. There are measuring instruments thatirefixed on the reading given by
the measurement just made. Or the pointer couléirestuck because of a defect. One
would then repeatedly make exactly the same readimd) according to our instruction
that would be a spectacularly accurate measurerivireover that would be true not
merely for the object but also for the instrmeseit! As a matter of fact there is still
missing from our exposition an important point, lome which could not readily be
stated earlier, namely what it is that truly makies difference between object and
instrument (tat it is the latter on which the remdis made, is more or less superficial).
We have just seen that the instrument under cectesnmstances, as required, must be
set back to its neutral initial condition beforeyaontrol measurement is made. This is
well known to the experimentalist. Theoreticallye ttnatter may best be expressed by
prescribing that on principle the instrument shold subjected to the identical prior
treatment before each measurement, so that foadh ¢ime the same expectation-
catalog (= psi-function) applies, as it is broughtto the object. For the object it is just
the other way around, any interference being fal®dwhen a control measurement is
to be made, a "repetition of the first kind" (tHaads to error statistics). That is the
characteristic difference between objectand insémimit disappears for a "repetition of
the second kind" (that serves for checking the twrarpredictions). Here the difference
between the two is actually rather insignificant.

>From this we gather further that for a second messent one may use a similarly

built and similarly prepared instrument - it neext necessarily be the same one; this is
in fact sometimes done, as a check on the first ibmeay indeed happen that two qute

differently built instruments are so related toteather that if one measures with them
one after the other (repetition of the first kinthgir two indications are in one-to-one

correlation with each other. They then measure hen dbject esssentially the same
variable - i.e., the same for suitable calibratdthe scales.

9. The Psi-function as Description of State

The rejection of realism also imposes obligatidirem the standpoint of the classical
model the momentary statement content of the psmition is far from complete; it
comprises only about 50 per cent of a completerggn. >From the new standpoint
it must be complete for reasons already toucheah @hdhe end of Sect. 6. It must be



impossible to add on to it additional correct staats, without otherwise changing it;
else one would not have the right to call meansgkdl statements extending beyond it.
Thence it follows that two different catalogs, tregdply to the same system under
different circumstances or at different times, magll partially overlap, but never so
that the one is entirely contained within the otl@r otherwise it would be susceptible
to completion through additional correct statememésnely through those by which the
other one exceeds it. --The mathematical struatfithe theory automatically satisfies
this condition. There is no psi-function that fisimés exactly the same statements as
another and in addition several more.

Therefore if a system changes, whether by itselberause of measurements, there
must always be statements missing from the newtifumd¢hat were contained in the
earlier one. In the catalog not just new entrieg, dso deletions, must be made. Now
knowledge can well be gained, but not lost. Sodéketions mean that the previously
correct statements have now become incorrect. Aecbrstatement can become
incorrect only if the object to which it appliesattges. | consider it acceptable to
express this reasoning sequence as follows:

Theorem 1: If different psi-functions are undercdission the system is in different
states.

If one speaks only of systems for which a psi-fiorcis in general available, then the
inverse of this theorem runs:

Theorem 2: For the same psi-function the systeimtise same state.

The inverse does not follow from Theorem 1 but petedently of it, directly from
completeness or maximality. Whoever for the sanpeetation-catalog would yet claim
a difference is possible, would be admitting that(the catalog) does not give
information on all justifiable questions. --The ¢arage usage of almost all authors
implies the validity of the above two theorems. @lirse, they set up a kind of new
reality - in entirely legitimate fashion, | believéoreover they are not trivially
tautological, not mere verbal interpretations aéts'. Without presupposed maximality
of the expectation-catalog, change of the psi-fonctould be brought about by mere
collecting of new information.

We must face up to yet another objection to thevdgon of Theorem 1. One can argue
that each individual statement or item of knowledgeder examination there, is after
all a probability statement, to which the categokygorrect, or incorrect does not apply
in any relation to an individual case, but rathrerelation to a collective that comes into
being from one's preparing the system a thousamestiin identical fashion (in order

then to allow the same measurement to follow; ettS8.). That makes sense, but we
must specify all members of this collective to tentically prepared, since to each the
same psi-function, the same statement-catalog expmind we dare not specify

differences that are not specified in the catatdgtfie foundation of Theorem 2). Thus
the collective is made up of identical individuases. If a statement is wrong for it,

then the individual case must have changed, orthblseollective too would again be

the same.

10. Theory of Measurement, Part Two



Now it was previously stated (Sect. 7) and explhi(®ect. 8) that any measurement
suspends the law that otherwise governs contindous-dependence of the psi-
function and brings about in it a quite differetiange, not governed by any law but
rather dictated by the result of the measuremeuit.l&®vs of nature differing from the
usual ones cannot apply during a measurement, bj@ctively viewed it is a natural
process like any other, and it cannot interruptditkerly course of natural events. Since
it does interrupt that of the psi-function, thedat as we said in Sect. 7 - can not serve,
like the classical mode, as an experimentally iadsié representation of an objective
reality. And yet in the last Section something likat has taken shape.

So, using catchwords for emphasis, | try againaitrast: 1.) The discontinuity of the
expectation-catalog due to measurement is unavieideds if measurement is to retain
any meaning at all then the measured value, frgooal measurement, must obtain. 2.)
The discontinuous change is certainly not govetnedhe otherwise valid causal law,
since it depends on the measured value, whichtipredetermined. 3.) The change also
definitely includes (because of "maximality") sotoss of knowledge, but knowledge
cannot be lost, and so the object must change h &laing with the discontinuous
changes and also, during these changes, in anasefam, different way.

How does this add up? Things are not at all simiples the most difficult and most

interesting point of the theory. Obviously we mtrstto comprehend objectively the
interaction between measured object and measurgtigument. To that end we must lay
out a few very abstract considerations.

This is the point. Whenever one has a complete@apen-catalog - a maximum total

knowledge - a psi-function - for two completely aeded bodies, or, in better terms, for
each of them singly, then one obviously has it &sahe two bodies together, i.e., if

one imagines that neither of them singly but rathertwo of them together make up
the object of interest, of our questions abouttiare.[6]

But the converse is not true. Maximal knowledgea dbtal system does not necessarily
include total knowledge of all its parts, not ewehen these are fully separated from
each other and at the moment are not influencict e¢her at all. Thus it may be that
some part of what one knows may pertain to relationstipulations between the two
subsystems (we shall limit ourselves to two), dlewes: if a particular measurement on
the first system yields this result, then for atijgatar measurement on the second the
valid expectation statistics are such and suchijflibe measurement in question on the
first system should have that result, then somerogixpectation holds for that on the
second; should a third result occur for the fitlsgn still another expectation applies to
the second; and so on, in the manner of a commefeinction of all possible
measurement results which the one specificallyeroptated measurement on the first
system can yield. In this way, any measurementga®at all or, what amounts to the
same, any variable at all of the second systenbeaied to the not-yet-known value of
any variable of the first, and of course vice veadso. If that is the case, if such
conditional statements occur in the combined cgtatben it can not possibly be
maximal in regard to the individual systems. Fa tlontent of two maximal individual
catalogs would by itself suffice for a maximal candd catalog; the conditional
statements could not be added on.

These conditional predictions, moreover, are naotetbing that has suddenly fallen in
here from the blue. They are in every expectataalog. If one knows the psi-function



and makes a particular measurement and this hastiaybar result, then one again
knows the psi-function, voila tout. It's jst that the case under discussion, because the
combined system is supposed to consist of two &diyarated parts, the matter stands
out as a bit strange. For thus it becomes meardingfudistinguish between
measurements on the one and measurements on #resatisystem. This provides to
each full title to a private maximal catalog; om thther hand it remains possible that a
portion of the attainable combined knowledge isfsgay, squandered on conditional
statements, that operate between the subsystertigtdbe private expectancies are left
unfulfilled - even though the combined catalog i@xmmal, that is even though the psi-
function of the combined system is known.

Let us pause for a moment. This result in its alottess actually says it all: Best
possible knowledge of a whole does not necessaglyde the same for its parts. let us
translate this into terms of Sect. 9: The wholanisa definite state, the parts taken
individually are not.

"How so0? Surely a system must be in some sortabé St"No. State is psi-function, is
maximal sum of knowledge. | didn't necessarily jaevmyself with this, | may have
been lazy. Then the system is in no state.”

"Fine, but then too the agnostic prohibition of sfiens is not yet in force and in our
case | can tell myself: the subsystem is alreadypme state, | just don't know which."

"Wait. Unfortunately no. There is no I just dokitow.' For as to the total system,
maximal knowledge is at hand..."

The insufficiency of the psi-function as model segg@ment rests solely on the fact that
one doesn't always have it. If one does have @nthy all means let it serve as
description of the state. But sometimes one doéhane it, in cases where one might
reasonably expect to. And in that case, one datepostulate that it "is actually a
particular one, one just doesn't know it"; the abotiosen standpoint forbids this. "It" is
namely a sum of knowledge; and knowledge, thatmekmows, is none. ----

We continue. That a portion of the knowledge shdlddt in the form of disjunctive
conditional statements between the two systemgedainly not happen if we bring up
the two from opposite ends of the world and juxtgpthem without interaction. For
then indeed the two "know" nothing about each othemeasurement on one cannot
possibly furnish any grasp of what is to be expectiethe other. Any "entanglement of
predictions” that takes place can obviously onlybgak to the fact that the two bodies
at some earlier time formed in a true sense onemsyshat is were interacting, and have
left behind traces on each other. If two separdiedies, each by itself known
maximally, enter a situation in which they influeneach other, and separate again, then
there occurs regularly that which | have just chmtanglement of our knowledge of
the two bodies. the combined expectation-catalotsists initially of a logical sum of
the individual catalogs; during the process it depe causally in accord with known
law (there is no question whatever of measurement)h The knowledge remains
maximal, but at its end, if the two bodies haveimgaparated, it is not again split into a
logical sum of knowledges about the individual lesdiWhat still remains of that may
have becomes less than maximal, even very straugly-One notes the great difference



over against the classical model theory, whereoofse from known initial states and
with known interaction the individual end statesubobe exctaly known.

The measuring process described in Sect. 8 nowdisly into this general scheme, if
we apply it to the combined system, measured objatteasuring instrument. As we
thus construct an objective picture of this procéke that of any other, we dare hope
to clear up, if not altogether avoid, the singylemp of the psi-function. So now the one
body is the measured object, the other the instni® suppress any interference from
outside we arrange for the instrument by meansudf-im clockwork to creep up
automatically to the object and in like manner praevay again. The reading itself we
postpone, as our immediate purpose is to investigdtatever may be happening
"objectively”; but for later use we let the resblé recorded automatically in the
instrument, as indeed is often done these days.

Now how do things stand, after automatically cortgllemeasurement? We possess,
afterwards same as before, a maximal expectatitaecpfor the total system. The
recorded measurement result is of course not ieduberein. As to the instrument the
catalog is far from complete, telling us nothingalitabout where the recording pen left
its trace. (Remember that poisoned cat!) Whatahsunts to is that our knowledge has
evaporated into conditional statements: if the mart line 1, then things are thus and
so for the measured object, if it is at line 2ntlseich and such, if at 3, then a third, etc.
Now has the psi-function of the measured objecteratbap? Has it developed further
in accord with natural law (in accord with the partifferential equation)? No to both
questions. It is no more. It has become snarledrug¢cord with the causal law of the
combined psi-function, with that of the measuringtiument. The expectation-catalog
of the object has split into a conditional disjuontif expectation-catalogs - like a
Baedeker that one has taken apart in the propenenaflong with each section there is
given also the probability that it proves correcttranscribed from the original
expectation-catalog of the object. But which onevps right - which section of the
Baedeker should guide the ongoing journey - that loa determined only by actual
inspection of the record.

And what if we don't look? Let's say it was photggrically recorded and by bad luck
light reaches the film before it was developed.w@rinadvertently put in black paper
instead of film. Then indeed have we not only redrhed anything new from the

miscarried measurement, but we have suffered losisaavledge. This is not surprising.

It is only natural that outside interference wilinast always spoil the knowledge that
one has of a system. The interference, if it ialtlow the knowledge to be gained back
afterwards, must be circumspect indeed.

What have we won by this analysis? First, the imsiigto the disjunctive splitting of the
expectation-catalog, which still takes place guitatinuously and is brought about
through embedment in a combined catalog for instntmand object. From this
amalgamation the object can again be separatednbyty the living subject actually
taking cognizance of the result of the measurem®8ome time or other this must
happen if that which has gone on is actually tadléed a measurement - however dear
to our hearts is was to prepare the process thouighs objectively as possible. And
that is the second insight we have won: not uhtd tnspection, which determines the
disjunction, does anything discontinuous, or legptake place. One is inclined to call
this a mental action, for the object is already ofitouch, is no longer physically



affected: what befalls it is already past. But @ulM not be quite right to say that the
psi-function of the object which changes otherwaseording to a partial differential
equation, independent of the observer, should nbange leap-fashion because of a
mental act. For it had disappeared, it was no m@fleatever is not, no more can it
change. It is born anew, is reconstituted, is s#pdrout from the entangled knowledge
that one has, through an act of perception, whgla anatter of fact is not a physical
effect on the measured object. From the form inctvithe psi-function was last known,
to the new in which it reappears, runs no contisuoead - it ran indeed through
annihilation. Contrasting the two forms, the thingks like a leap. In truth something
of importance happens in between, namely the inflaeof the two bodies on each
other, during which the object possessed no prieafgectation-catalog nor had any
claim thereunto, because it was not independent.

11. Resolution of the "Entanglement” Result Depenhde the Experimenter's Intention
We return to the general case of "entanglementhout having specifically in view the
special case, just considered, of a measurememesso Suppose the expectation-
catalogs of two bodies A and B have become entdniieugh transient interaction.
Now let the bodies be again separated. Then | ak@ one of them, say B, and by
successive measurements bring my knowledge of hichwhad become less than
maximal, back up to maximal. | maintain: just asrs@s | succeed in this, and not
before, then first, the entanglement is immediatesolved and, second, | will also have
acquired maximal knowledge of A through the meas@rs on B, making use of the
conditional relations that were in effect.

For in the first place the knowledge of the totgtem remains always maximal, being
in no way damaged by good and exact measuremaentise Isecond place: conditional
statements of the form "if for A ... then for B Bor it is not conditional and to it
nothing at all can be added on relevant to B. Thirdonditional statements in the
inverse sense (if for B ... then for A ...) cantbensformed into statements about A
alone, because all probabilities for B are alreddyown unconditionally. The
entanglement is thus completely put aside, ancedime knowledge of the total system
has remaind maximal, it can only mean that alority tie maximal catalog of B came
the same thing for A.

And it cannot happen the other way around, that esomes maximally known

indirectly, through measurements on B, before B-@.then all conclusions work in the
reversed direction - that is, B is too. The systdrasome simultaneously maximally
known, as asserted. Incidentally, this would also tlue if one did not limit the

measurement to just one of the two systems. Buintieeesting point is precisely this,
that one can limit it to one of the two; that tH®re@ne reaches his goal.

Which measurements on B and in what sequence tieeyraertaken, is left entirely to
the arbitrary choice of the experimenter. He neetlpick out specific variables, in
order to be able to use the conditional stateméesis free to formulate a plan that
would lead him to maximal knowledge of B, even & should know nothing at all
about B. And it can do no harm if he carries thiotigis plan to the end. If he asks
himself after each measurement whether he has gerileeady reached his goal, he
does only to spare himself from further, superfiitabor.

What sort of A-catalog comes forth in this indireedy depends obviously on the
measured values that are found in B (before thangiement is entirely resolved: not



on more, on any later ones, in case the measuaag gn superfluously). Suppose now
that in this way | derived an A-catalog in a partér case. then | can look back and
consider whether | might perhaps have found a miffeone if | had put into action a
different measuring plan for B. But since after lafieither have actually touched the
system A, nor in the imagined other case would hauehed it, the statements of the
other catalog, whatever it might be, must also beect. They must therefore be
entirely contained within the first, since the fiirs maximal. But so is the second. So it
must be identical with the first.

Strangely enough, the mathematical structure oftlleery by no means satisfies this
requirement automatically. Even worse, examplesbeaset up where the requireement
is necessarily violated. It is true that in any esiment one can actually carry out only
one> group of measurements (always on B), for otig has happened the
entanglement is resolved and one leans nothing nadreut A from further
measurements on B. But there are cases of entaaglem which two definite
programs are specifiable, fo which each 1) must teaesolution of the entanglement,
and 2) must lead to an A-catalog to which the ottaer not possibly lead - whatsoever
measured values may turn up in one case or the. dthe simply like this, that the two
series of A-catalogs, that can possibly arise ftbenone or the other of the programs,
are sharply separated and have in common not kegemn.

These are especially pointed cases, in which tihelasion lies so clearly exposed. In
general one must reflect more carefully. If two greoms of measurement on B are
proposed, along with the two-series of A-catalagsvhich they can lead, then it is by
no means sufficient that the two series have onmaae terms in common in order for
one to be able to say: well now, surely one ofehedl always turn up - and so to set
forth the requirements as "presumably fulfilled'haf's not enough. For indeed one
knows the probability of every measurement on Bysadered as measurement on the
total system, and under many ab-ovo-repetitionsh eace must occur with the
frequency assigned to it. Therefore the two sevfeA-catalogs would have to agree,
member by member, and furthermore the probabilitiesach series would have to be
the same. And that not merely for these two prograat also for each of the infinitely
many that one might think up. But this is utteriyt @f the question. The requirement
that the A-catalog that one gets should always Hee dame, regardless of what
measurements on B bring it into being, this request, is plainly and simply never
fulfilled.

Now we wish to discuss a simple "pointed” example.

12. An example [7]

For simplicity, we consider two systems with jusealegree of freedom. That is, each
of them shall be specified through a single coatiing and its canonically conjugate
momentum p. The classical picture would be a pmiass that could move only along a
straight line, like the spheres of those playthimgs which small children learn to
calculate. p is the product of mass by velocity. the second system we denote the two
determining parts by capital Q and P. As to whethertwo are "threaded on the same
wire" we shall not be at all concerned, in our edagtconsideratin. But even if they are,
it may in that case be convenient not to reckomd} @ from the same reference point.
The equation g=Q then does not necessarily meawcidence. The two systems may in
spite of this be fully separated.



In the cited paper it is shown that between theseslystems an entanglement can arise,
which at a particular moment, can be compactly showthe two equations: g = Q and
p = -P. That means: | know, if a measurement of ghe system yields a certain value,
that a Q-measurement performed immediately thereaft the second will give the
same value, and vice versa; and | know, if a p-omeasent on the first system yields a
certain value, that a P-measurement performed inatedg thereafter will give the
opposite value, and vice versa.

A single measurement of q or p or Q or P resolhesentanglement and makes both
systems maximally known. A second measurement erséime system modifies only

the statements about it, but teaches nothing muwatahe other. So one cannot check
both equations in a single experiment. But one regeat the experiment ab ovo a
thousand times; each time set up the same entaegteaccording to whim check one

or the other of the equations; and find confirmiedt tone which one is momentarily

pleased to check. We assume that all this has d@ss

If for the thousand-and-first experiment one isntlseized by the desire to give up
further checking and then measure q on the firstesy and P on the second, and one
obtains

q=4,P=1;

can one then doubt that

q=4p=-7

would have been a correct prediction for the By&tem, or
Q=4,P=7

a correct prediction for the second? Quantum ptiedis are indeed not subject to test
as to their full content, ever, in a single expenmt) yet they are correct, in that whoever
possessed them suffered no disillusion, whicheatre decided to check.

There's no doubt about it. Every measurement ig$aystem the first. Measurements
on separated systems cannot directly influence edlohr - that would be magic.

Neither can it be by chance, if from a thousandeexpents it is established that
virginal measurements agree.

The prediction catalog q = 4, p = -7 would of cauby hypermaximal.

13. Continuation of the Example: All Possible Meaastents are Entangled
Unequivocally

Now a prediction of this extent is thus utterly imsgible according to the teaching of
Q.M., which we here follow out to its last consegees. Many of my friends remain
reassured in this and delcare: what answer a systemld have given to the

experimenter if...,--has notihng to do with an attmeasurement and so, from our
epistemological standpoint, does not concern us.

But let us once more make the matter very clear.usefocus attention on the system
labelled with small letters p, q and call it forebity the "small” one. then things stand



as follows. | can direct one of two questions te #imall system, either that about q or
that about p. Before doing so | can, if | choos@cpre the answer to one of these
questions b a measurement on the fully separatest system (which we shall regard
as auxiliary apparatus), or I may intend to take cd this afterwards, My small system,
like a schoolboy under examination, cannot posdiblyw whether | have done this or
for which questions, or whether and for which leimd to do it later. From arbitrarily
many pretrials | know that the pupil will correctiyswer the first question that | put to
him. From that it follows that in every case he wsdhe answer to both questions. That
the answering of the first question, that it plsases to put to him, so tires or confuses
the pupil that his further answers are worthledsanges nothing at all of this
conclusion. No school principal would judge othessyiif this situation repeated itself
with thousands of pupils of similar provenance, Begr he much he might wonder
what makes all the scholars so dim-witted or olasgéirafter the answering of the first
question. he wuold not come to think that his, tdecher's, consulting a textbook first
suggests to the pupil the correct answer, or ewetine cases when the teacher chooses
to consult it only after ensuing answers by theilptipat the pupil's answer has changed
the text of the notebook in the pupil's favor.

Thus my small system holds a quite definite answethe g-question and to the p-
question in readiness fpr the case that one ootther is the first to be put directly to it.
Of this preparedness not an iota can be changeshibuld perhaps measure the Q on
the auxiliary system (in the analogy: if the teadoeks up one of the questions in his
notebook and thereby inded ruins with an inkbla tfage where the other answer
stands). The quantum mechanician maintains thar &t Q-measurement on the
auxiliary system my small system has a psi-functiomvhich "q is fully sharp, but p
fully indeterminate”. And yet, as already mentionedt an iota is changed of the fact
that my small system also has ready an answeret@-duestion, and indeed the same
one as before.

But the situation is even worse yet. Not only te tirquestion and to the p-question
does my clever pupil have a definite answer reladyrather also to a thousand others,
and indeed without my having the least insight ii® memory technique by which he
is able to do it. p and q are not the only varigliteat | can measure. Any combination
of them whatsoever, for example

p/\2 + q/\2

also corresponds to a fully definite measuremenbraing to the formulation of Q.M.
Now it can be shown[8] that also for this the ansean be obtained by a measurement
on the auxiliary system, namely by measurement‘@f+Q"2, and indeed the answers
are just the same. By general rules of Q.M. thm sfisquares can only take on a value
from the series

hbar, 3.hbar, 5.hbar, 7.hbar, ...
The answer that ym small system has ready for ph2+g”"2)-question (in case this
should be the first it must face) must be a nunfitmen this series. --1t is very much the

same with measurement of

pr2 +ar2.g"2



where a is an arbitrary positive constant. In tase the answer must be, according to
Q.M. a number from the following series

a.hbar, 3a.hbar, 5a.hbar, 7a.hbar, ...

For each numerical value of a one gets a diffeqpréstion, and to each my small
system holds ready an answer from the series (fbmikh the a-value in question).

Most astonishing is this: these answers cannotilplgdse related to each other in the
way given by the formulas! For let q' be the anshedd ready for the g-question, and p'
for the p-question, then the relation

(p"2 + a™2 . q”*2) / (a.hbar) = an odd integer

cannot possibly hold for given numerical valueard p' and for any positive numer a.
This is by no means an operation with imagined rensibthat one cannot really

ascertain. One can in fact get two of the numberg, g’ and p', the one by direct, the
other by indirect measurement. And then one cand{pathe expression) convince

himself that the above expression, formed withrthebers ' and p' and an arbitrary a,
IS not an odd integer.

The lack of insight into the relationships among tarious answers held in readiness
(into the "memory technique” of the pupil) is aalabne, a gap not to be filled perhaps
by a new kind of algebra of Q.M. The lack is ak tstranger, since on the other hand
one can show: the entanglement is already unigietigrmined by the requirements q =
Q and p = -P. If we know that the coordinates apeakand the momenta equal but
opposite, then there follows by quantum mechanidsilly determined one-to-one
arrangement of all possible measurements on batlersg. For every measurement on
the "small* one the numerical result can be pratul®yy a suitably arranged
measurement on the "large"” one, and each measuremdme large stipulates the result
that a particular measurement on the small woulé gr has given. (Of course in the
same sense as always heretofore: only the virgesorement on each system counts.)
As soon as we have brought the two systems intgithation where they (briefly put)
coincide in coordinate and momentum, then theyeflyrput) coincide also in regard to
all other variables.

But as to how the numerical values of all theseabdes of one system relate to each
other we know nothing at all, even though for e#ioh system must have a quite
specific one in readiness, for if we wish we caarteit from the auxiliary system and

then find it always confirmed by direct measurement

Should one now think that because we are so igh@iaout the relations among the
variable-values held ready in one system, that rests, that far-ranging arbitrary
combination can occur? That would mean that suctysiem of "one degree of
freedom" would need not merely two numbers for ad#gly describing it, as in
classical mechanics, but rather many more, perhapsitely many. It is then

nevertheless strange that two systems always agwedevariables if they agree in two.
Therefore one would have to make the second asswmphat this is due to our
awkwardness; would have to think that as a prdcticeter we are not competent to



bring two systems into a situation such that theinade in reference to two variables,
without nolens volens bringing about coincidenceoalor all other variables, even
though that would not in itself be necssary. Onddwoave to make these two
assumptions in order not to perceive as a greatndila the complete lack of insight
into the interrelationship of variable values witluine system.

14. Time-dependence of the Entanglement. Considarat the Special Role of Time

It is perhaps not superfluous to recall that eveng said in sections 12 and 13 pertains
to a single instant of time. The entanglement iscomstant in time. It does continue to
be a one-to-one entanglement of all variablesthmiarrangement changes. That means
the following. At a later time t one can very wagjain learn the values of g or of p that
then obtain, by a measurement on the auxiliaryesysbut the measurements, that one
must undertake thereto on the auxiliary system d#ferent. Which ones they should
be, one can easily see in simple cases. It nowuwfse becomes a question of the forces
at work within each of the two systems. Let us assthat no forces are working. For
simplcity we will set the mass of each to be thmeand call it m. Then in the classical
model the momenta p and P would remain constantesihey are still the masses
multiplied by the velocities; and the coordinatesirae t, which we shall distinguish by
giving them subscripts t, (g_t, Q_t), would be o#dted from the initial ones, which
henceforth we designate q,Q, thus:

gt=qg+(EMtQ_t=Q + (P/m)t

Let us first talk about the small system. The nmadtiral way of describing it classically
at time t is in terms of coordinate and momenturtiigttime, i.e., in terms of q_t and p.
But one may do it differently. In place of gq_t oweuld specify g. It too is a
"determining part at time t", and indeed at evemyett, and in fact one that does not
change with time. This is similar to the way in alhil can specify a certain determining
part of my own preson, namely my age, either thinoilng hnumber 48, which changes
with time and in the system corresponds to spewify t, or through the number 1887,
which is usual in documents and corresponds toifypeg . Now according to the
foregoing:

q=0q_t- (p/m)t

Similarly for the second system. So we take asraateng parts

for the first system qg_t - (p/m)t and p. for the@ed system Q t - (P/m)t and P.

The advantage is that among these the same entarglgoes on indefinitely:
g_t-(p/m)it=Q_t-(P/m)tp=-P

or solved:

gt=Q_t-Rtm)P;p=-P.

So that what changes with time is just this: therdmate of the "small" system is not

ascertained simply by a coordinate measuremerti@auxiliary system, but rather by a
measurement of the aggregate



Q_t- (2 Um)P.

Here however, one must not get the idea that magbmeasures Q-t and P, because
that just won't go. Rather one must suppose, asabveys must suppose in Q.M., that
there is a direct measurement procedure for thggeggte. Except for this change,
everything that was said in Sections 12 and 13i@ppkt any point of time; in particular
there exists at all times the one-to-one entangkrokall variables together with its
evil consequences.

It is just this way too, if within each system ade works, except that then q_t and p are
entangled with variables that are more complicatedbinations of Q _t and P.

| have briefly explained this in order that we megnsider the following. That the
entanglement should change with time makes us alftarbit thoughtful. Must perhaps
all measurements, that were under discussion, impleted in very short time, actually
instantaneously, in zero time, in order that theelnome consequences be vindicated?
Can the ghost be banished by reference to theHfatmeasurements take time? No. For
each single experiment one needs just one measoresneeach system; only the
virginal one matters, further ones apart from thaild be without effect. How long the
measurement lasts need not therefore concern mse sve have no second one
following on. One must merely be able to so arrathgetwo virgin measurements that
they yield variable values for the same definitenpof time, known to us in advance -
known in advance, because after all we must ditleet measurements at a pair of
variables that are entangled at just this poirtinoé.

"Perhaps it is not possible so to direct the meamsents?"

"Perhaps. | even presume so. Merely: today's Q.Mstmequire this. For it is now set
up so that its predictions are always made foriatfs time. Since they are supposed to
rlate to measurement results, they would be egtwathout content if the relevant

variables were not measurable for a definite pointime, whether the measurement
itself lasts a long or a short while."

When we learn the result is of course quite imni@terheoretically that has as little
weight as for instance the fact that one needsrakn®nths to integrate the differential
equations of the weather for the next three dayi$e- drastic analogy with the pupil
exmaination misses the mark in a few points ofiélaés letter, but it fits the spirit of the
law. The expression "the system knows" will perhapdonger carry the meaning that
the answer comes forth from an instantaneous gtyat may perhaps derive from a
succession of situations, that occupies a finigtle of time. But even if it be so, it need
not concern us so long as the system somehow bfants the answer from within
itself, with no other help than that we tell it @lngh the experimental arrangement)
which question we would like to have answered; aadong as the answer itself is
uniquely tied to a moment of time: which for betberfor worse must be presumed for
every measurement to which contemporary Q.M. spdaksotherwise the quantum
mechanical predictions would have no content.

In our discussion, however, we have stumbled acaogessibility. If the formulation
could be so carried out that the quantum mechamadictions did not or did not
always pertain to a quite sharply defined pointiofe, then one would also be freed



from requiring this of the measurement resultsrabyg, since the entangled variables
change with time, setting up the antinomical agsest would become much more
difficult.

That prediction for sharply-defined time is a blands probable also on other grounds.
The numerical value of time is like any other tleult of observation. Can one make
exception just for measurement with a clock? Mustot like any other pertain to a
variable that in general has no sharp value amahyncase cannot have it simultaneously
with any other variable? If one predicts the vatdeanother for a particular point of
time, must one not fear that both can never bepshdmown together? Within
contemporary Q.M. one can hardly deal with thisrappnsion. For time is always
considered a priori as known precisely, althougk aould have to admit that every
look-at-the-clock disturbs the clock's motion ircantrollable fashion.

Permit to repeat that we do not possess a Q.M. avbtiadements should not be valid for
sharply fixed points of time. It seems to me tlmég tack manifests itself directly in the

former antinomies. Which is not to say that ithe pnly lack which manifests itslef in

them.

15. Natural Law or Calculating Device?

That "sharp time" is an anomaly in Q.M. and thatithes, more or less independent of
that, the special treatment of time forms a serionsirance to adapting Q.M. to the
relativity principle, is something that in recemays | have brought up again and again,
unfortunately without being able to make the shadbwa useful counterproposal.[9] In
an overview of the entire contemporary situatiarghsas | have tried to sketch here,
there comes up, in addition, a quite different kiofldremark in relation to the so
ardently sought, but not yet actually attainedldtreisation” of Q.M.

The remarkable theory of measurement, the appguenping around of the psi-
function, and finally the "antinomies of entangletie all derive from the simple
manner in which the calculation methods of quantaecthanics allow two separated
systems conceptually to be combined together irdimgle one; for which the methods
seem plainly predestined. When two systems intethetr psi-functions, as we have
seen, do not come into interaction but rather timyediately cease to exist and a
single one, for the combined system, takes theicel It consists, to mention this
briefly, at first simply of the product of the twodividual functions; which, since the
one function depends on qute different variablemfthe other, is a function of all these
variables, or "acts in a space of much higher dsmmmnumber” than the individual
functions. As soon as the systems begin to inflaexach other, the combined function
ceases to be a product and moreover does not dgéde up, after they have again
become separated, into factors that can be assigdeddually to the systems. Thus
one disposes provisionally (until the entanglememesolved by an actual observation)
of only a common description of the two in that@paf higher dimension. This is the
reason that knowledge of the individual systems aacline to the scantiest, even to
zero, while knowledge of the combined system remaaontinually maximal. Best
possible knowledge of a whole does not include pessible knowledge of its parts -
and that is what keeps coming back to haunt us.

Whoever reflectes on this must after all be leitlfahoughtful by the following fact.
the conceptual joining of two or more systems iot@ encounters great difficulty as
soon as one attempts to introduce the principlspetial relativity into Q.M. Already



seven years ago P.A.M. Dirac found a startlinglyde and elegant relativistic solution
to the problem of a single electron.[10] A seriégxperimental confirmations, marked
by the key terms electron spin, positive electiamg pair creation, can leave no doubt
as to the basic correctness of the solution. Btherfirst place it does nevertheless very
strongly transcend the conceptual plan of Q.M.t(ttlaich | have attempted to picture
here),[11] and in the second place one runs intdobgirn resistance as soon as one seeks
to go forward, according to the prototype of nolatieistic theory, from the Dirac
solution to the problem of several electrons. (Wtisws at once that the solution lies
outside the general plan, in which, as mentionae combining together of subsystems
is extremely simple.) | do not presume to pass nuelgt on the attempts which have
been made in this direction.[12] That they haveed their goal, | must doubt first of
all because the authors make no such claim.

Matter stand much the same with another systengldatromagnetic field. Its laws are
"relativity personified", a non-relatviistic trea¢émt being in general impossible. Yet it
was this field, which in terms of the classical rabdf heat radiation provided the first
hurdle for quantum theory, that was the first syste be "quantized". That this could
be successfully done with simple means comes dimnduse here one has things a bit
easier, in that the photons, the "atoms of ligtt',not in general interact directly with
each other,[13] but only via the charged particlesday we do not as yet have a truly
unexceptionabl quantum theory of the electromagriietid.[14] One can go a long way
with building up out of subsystems (Dirac's theardy light[15]), yet without qute
reaching the goal.

The simple procedure provided for this by the nelativistic theory is perhaps after all
only a convenient calculational trick, but one ttaday, as we have seen, has attained
influence of unprecedented scope over our basta@dttoward nature.

My warmest thanks to Imperial Chemical Industriesndon, for the leisure to write
this article.
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