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Introduction

= 1934-1936: Popper wrote at least eight (possibly nine) manuscripts
on the interpretation of quantum mechanics:

1.
2.
3.

© o~V A

Zur Kritik der Ungenauigkeitsrelationen, 1. Mitteilung (August 1934)
Erganzung zu der vorstehenden kurzen Mitteilung (before November 1934)
Bemerkungen zur Quantenmechanik (chapter VII of the Logik der
Forschung) (Fall 1934)

. Zur Kritik der Ungenauigkeitsrelationen, 2. Mitteilung [A] (December 1934)
. Zur Kritik der Ungenauigkeitsrelationen, 2. Mitteilung [B] (December 1934)

Meflanerdnung (February 1935)

. Zur Kritik der Ungenauigkeitsrelationen [1935] (August 1935)
. Bemerkung zum Komplementaritatsproblem der Quantenmechanik (1936)

= Correspondence with Weisskopf, Heisenberg, von Weizsacker, Euler,
Einstein
= Discussions with Urbach, Schiff, Thirring, Guth

¥

cc a gross mistake for which | have been deeply sorry and ashamed
ever since 9%

Popper 1982, 15
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Introduction

Recent literature refers to this episode only in passing, as a youthful
blunder”; however, in earlier literature it received some attention:

= Jammer (1974) anticipation of Einstein’s 1935 EPR thought
experiment

* A variation of Einstein’s 1931 ETP thought experiment (with the opposite
conclusion)

= Margenau (1974) anticipation of the distinction between
preparations and measurements

* Misunderstood the notion of preparation

\ 4

Coupling-hypothesis between preparations and measurements

"Howard 2012; Shields 2012; Freire 2014; Del Santo 2017, 2019.
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Part I

The Past of an Electron
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The Past of an Electron: Heisenberg

DIE
PHYSIKALISCHEN PRINZIPIEN = Spring 1929: During his
DER QUANTENTHEORIE lecture tour in the United
States, Heisenberg delivered
DR. W. HEISENBERG a series of lectures at the
o e e University of Chicago.

= Summer 1930: The Physical
Principles of the Quantum
Theory was published in both
English and German.

MIT 22 ABBILDUNGEN IM TEXT

®

19 3 0

VERLAG VON S. HIRZEL IN LEIPZIG
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The Past of an Electron: Heisenberg

Cc Beforehand, however, it should be noted that the uncertainty rela-
tions apparently do not apply to the past. For if the electron’s ve-
locity is initially known and then its position is measured preciseTy,
one can also calculate the electron’s positions for the time before
the position measurement with precision; for this past, ApAgq is
then smaller than the usual limit. Yet this knowledge of the past
is purely speculative, since (because of the change of momentum
during the position measurement) it in no way enters as an initial
condition into any calculation concerning the electron’s future and
does not appear in any physical experiment at all. Whether one
should ascribe any physical reality to the aforementioned calcula-
tion about the electron’s past is therefore purely a matter of taste
[Geschmacksfragel. )’

(Heisenberg 1930, 15)
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The Past of an Electron: Heisenberg

Collision: Electrons move along
4z with known p., photons enter
along —x

= §p, momentum at ¢o: v-shift
(Doppler) of scattered photon.

= Free motion: electron
propagates undisturbed (E'L).

= Position dy at ¢1: arrival at the
1 J screen at L.

‘ 3
4

s Past path of the electron
between the momentum
measurement at ¢top and

the position measurement

at t1, so that dy dp, ~ 0.

X+

From Heisenberg 1930, modified
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The Past of an Electron: Schlick

DIE NATURWISSENSCHAFTEN

1. Jahrgang 13, Februar 1931 Heit 7

Die Kausalitdt in der gegenwirtigen Physik.

Servick, Wien.

5. Vorbemerloungen.
Unendiich ist die Zahl der denkbaren, logisch

ool Bepeen aus denen i e s
durchsichtiger. Kombinationsprinzipien neve G

bereitwillig, und leicht macht er den Sprong etwa,
Ramuischon Raumo otes mur Everas-
shen, Zeit, m Tonsptionen o klin und. tel
Phantase eines Dichters noch

G Totellokt isgendeincs Pilosophen . zate-
e wﬂ.\..n;, . dor die Physk der lotaten
Jabre in der Kausaliat_gelangt ist,
e ebentels St vorsentedion don
Sove v e Deseminienns ot Indetormiei:
mus, tber Inhalt, Geltung und Prifung des Kausal.
princips philosophiert wrde — niemand ist
gerade ant diesige Mgkt verfulen, weicho
ins die Quantenphysik als den Schlfisel anbietet,
e i i i Art der Kansaen Ovnt

oo ol dio iy der, Wirkichkelt wistchlich

Ve Physk ram Kussiprobom b

2. Kousalitis vrd Kausalprinsip.

vorgeta i (Naturwiss. 1920, 4611£). Den-
n e viellecht nicht unzweckmafig, an
cinigen Punkten an die alteren Uberlegungen an-

estzustellen, was der Natur-
forsher igoniichy meit, wenn ¢ von Kl
" spricht. Wo. gebrauct iesés Wart?
Offenbar uberall ¢a, wo e eine , Abhangigkeit”
awischen_irgendwelchen

straktionen,) Was bedeu
o wird 1y der Wissonschatt fodntalls ‘mmer
el cin Gt usgedrickt; Kausalat st dom-
nach nu ein anderes Wort fir das Bestehen eines
Gessaan. Den Tnhlt oo Kawslgrinspe bidet
non offenbas dio Behauptung, dad ales in dex

icher_besagt, da
cignis Glod siner Kauealberiehung sel, dab fder

October 1930:
Kausalitét in der
gegenwadrtigen Physik
November 1930:
Correspondence with Einstein,
Heisenberg, and Pauli
December 17, 1930:
proofs

February 13, 1931:
Publication

Drafting Die

Galley
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The Past of an Electron: Schlick

Heisenberg thinks that ‘whether any physical reality should be as-
signed to the calculation concern-ing the past of the electron, is
purely a question of taste.” But | should prefer to put it more
strongly, in complete agreement with what | take to be the in-
contestable basic viewpoint of Bohr and Heisenberg themselves.
If a statement about an electron’s position is not verifiable within
atomic dimensions, we can attach no meaning to it; it becomes im-
possible to speak of the ‘path’ of a particle between two points at
which it has been observed. (This is not, of course, true of bodies of
molar dimensions. [...] for it is in principle possible to verify after-
wards that [the projectile] was located at the intervening points.)

Schlick 1931, 159

bb
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Part Il

The Einstein-Tolman-Podolsky (ETP) Thought
Experiment
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

780 LETTERS TO THE EDITOR

vessel. Actually, however,  The cathode spot itself, on the metal, need
i and probably is not, at a high temper-

ing
 shows that the deposi
cperiment merely shows that &

ly opposite the cathode spo

upor hode
observed recently by Kobel.®
‘Whether o not to ascribe  high tempera-

e the velocity independent
means are in progress in this laboratory.
Joseeu Suerins

R. C. Masox
Laboratory,
house Elec. and Mig. Co.
25, 1931

Rev. 36, 1636 (1930).

‘Knowledge of Past and Future in Quantum Mechanics

Tuis well known that the pe < of particles in the box
tum me h oe par.

y measurement of moms
a small box B, as she

= February 26, 1926:
Einstein, Tolman, and
Podolsky (ETP) submitted a
letter to the editor of the
Physical Review

= March, 15 1931: publication

$

ETP set-up: If sharp retrodictions
about one particle were allowed,
then predictions about a second,
which the uncertainty relations
forbids, would be possible.
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

= Box B with shutter S emits

nR identical particles a and b at to
0o = Weighing B before and after
! \ .
[ gives the total energy loss
PN (Erot = Eq + Ey)
'.‘ | = Observer O can
' * measure momentum p, (and

energy E,) at O1 (Doppler

‘\ effect)
X * record the position and
arrival time ¢ of a at O

AY
Ay
5 \ = Position of a at t; + past
PR T
“”“;"" ), o momentum p, = to shutter
opening
From Einstein, Tolman, and Podolsky 1931, modified n Loophole opened:
* From energy conservation

= Ey = Frot — Eq
* From tg + SRO2 =t arrival

time at O2
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

(49

It is hence to be concluded that the principles of the quantum
mechanics must involve an uncertainty in the description of past
events which is analogous to the uncertainty in the prediction_of
future events. It is also to be noted that although it is possible to
measure the momentum of a particle and follow this with a mea-
surement of position, this will not give sufficient information for a

complete reconstruction of its past path, since it has been shown

that there can be no method for measuring the momentum of a
particle without changing its value.

Einstein, Tolman, and Podolsky 1931, 781

3
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

= use retrodiction about a

particle path allowed by

uncertainty relations +
conservation law =-prediction

about another particle not
allowed by uncertainty
relations
momentum measurement
followed by position
measurement
= momentum reconstruction
before momentum
measurement fails
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Part IV

Popper’s Turn to Quantum Theory
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Popper’s Turn to Quantum Theory

= 1931-1933: Wrote
Grundprobleme

= 1933-1934: Transforming
Grundprobleme into the Logik.

* April-May 1934: Springer
requested to shorten the
book

* May-June 1934: Quantum
physics chapter with input
from Franz Urbach, Victor
Weisskopf, and his cousin
Kathe Schiff

* June 26, 1934: Letter from
Weisskopf
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Popper’s Turn to Quantum Theory

[ER RIS LR J
i E;LW’&“I;@;ML;@ PSR J
: H M"/’ .7.“;'125; A},t‘: Bl Bessnclers
f_’,-'.zrt% ol o e L ol ok B
b AT Sorn ST peans (T Til usiae ke
s ToLARLL sele 8 A2 i dos Giren
o BT i Jegenk W,w.‘ Ml siler
V‘W%MQJ,‘?‘__‘LW_?M. 5
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L;qw Al orlen St o
o SO Bl oo o T Lo
Fetladon ssloi s a0 L5 ottt P k. ot
S M [oB AT LA Ballni woa
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Ak fs e Flhoces Pl LT 1y ipnl
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Weisskopf to Popper, 26-06-1934, KPA, 360.21

Weisskopf: | agree, the

knowledge (Wissen) of

position and momentum at
the same time is not L with
quantum mechanics; the
problem is that such states
cannot be produced
(hergestellt).

Popper: Apparatuses that
can measure sharp values of
both position and energy do
not imply that such states can
also be produced.

Weisskopf: If such
measurements are possible,
then state-production must
also be possible. This would
contradict the uncertainty

relations.
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(49

Popper’s Turn to Quantum Theory

(1) Apparatuses that can measure both position and energy at the
same time are not necessarily able to produce electron ensembles
with sharp position and energy. | consider this conclusion not en-
tirely correct, since - in the case that one has the possibility of de-
termining the energy of electrons at sharp position - it must surely
also be technically possible somehow to remove them, for exam-
ple, if they have too much energy.

(2) You can probably anticipate my line of reasoning, which leads
you to say that quantum mechanics is only capable of dealing with
that world in which such apparatuses are not applied. But | would
already regard that as a breakdown. After all, apparatuses are also
part of nature and should therefore be valid within it.

Weisskopf to Popper, 06-06-1934

bb/
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Popper’s Turn to Quantum Theory

SCHRIFTEN ZUR
‘WISSENSCHAFTLICHEN WELTAUFFASSUNG

'HERAUSGEGEBEN VON
PHILIPP FRANK uND MORITZ SCHLICK

o. 6. PROFESSOR AN DER o5, PROFESSOR AN DER
UNIVERSITAT PRAG BAND 8 UNIVERSITAT WIEN

LOGIK DER
FORSCHUNG

ZUR ERKENNTNISTHEORIE DER
MODERNEN NATURWISSENSCHAFT

VON

KARL POPPER

Springer-Verlag Wien GmbH 1935

154 Zur Quantenmechanik.

T Do

o

= August 27, 1934: Paper sent
to Die Naturwissenschaften

e Zur Kritik der
Ungenauigkeitsrelationen (1.
Mitteilung)

= Before November 1934:
Wrote a supplement to the
paper

e Ergdnzung zu der
vorstehenden kurzen
Mitteilung

= Autumn 1934: Finished
chapter 9 of Logik der
Forschung + Apps. VI, VI

* Bemerkungen zur
Quantenmechanik
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PartV

Popper and the Interpretation of The
Uncertainty Relations
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Popper and the Interpretation of The Uncertainty Relations:
Selections and Measurements

= (Physical) selection (Aussonderung) is any procedure that produces a
statistically reproducible ensemble of systems (filtering).

= Measurement (Messung) involves the detection of a particular
system by a measuring instrument (recording).

\ 4

= Not every physical separation is a measurement: passing electrons
through a velocity filter prepares a sub-ensemble with definite
momentum (a pure case, plane wave), but no value is recorded.

= Not every measurement is a physical separation: electrons in a
monochromatic beam can be registered by a Geiger counter at a given
location, but the electrons are not physically separated according to
position.
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Popper and the Interpretation of The Uncertainty Relations

AqAp 2 i

~ Ar

(a) The uncertainty relations limits the degree of statistical
homogeneity achievable in the selection of an ensemble of identical

systems (Unbestimmtheitsrelationen)

* Statistical interpretation (von Mises)

(b) The uncertainty relations limits the precision of the measurement on
a single system (Ungenauigkeitsrelationen)

« Disturbance interpretation (Heisenberg)

(1) (a) is the correct interpretation of the uncertainty relations (no super-pure
case)

(2) (b) does not logically follow from (a)

(3) (b) follows from (a) only with an additional hypothesis (c)

(4) The system (a) + (c) is contradictory
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Popper and the Interpretation of The Uncertainty Relations:
Predictive and Non-Predictive Measurements

Heisenberg concedes the possibility of sharper measurements:

. h
= Predictive measurements on a single system dq dp < I are
7/
forbidden

_— . h
= Non-predictive measurements on a single system dq dp < ™ are
™
allowed

(a) Position followed by position
(b) Momentum followed by position
(c) Position followed by momentum

= = Arbitrarily sharp past of the electron between the two
measurements

Is the past path of an electron real?
= Heisenberg: a question of taste
= Schlick: a meaningless question

= Popper: a meaningful question
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Popper and the Interpretation of The Uncertainty Relations: The
Coupling Hypothesis

. h
= Non-predictive measurements on single systems dq dp < n are
7
required (to test the theory)

. h .
= Predictive measurements on single systems dq dp < I are forbidden
p Ehdadhchehddd

(why?)
4

“ That is precisely my opinion, our opponent [Weisskopf] will reply
[...1[:1 If I had instruments with which | could carry out such mea-
surements, then with these or similar instruments | should also be
able to produce [herstellen] electron ensembles that are (a) spa-
tially localized and (b) possess a definite momentum. [...] To these
considerations we [Popper] first remark that[...] these considera-
tions do not prove that exact predictions would contradict quantum
mechanics, but rather introduce an additional hypothesis.

bb/
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Popper and the Interpretation of The Uncertainty Relations: The

¢¢

Coupling Hypothesis

coupling-hypothesis (Kopplungshypothese)

\ 4

The statement (which corresponds to Heisenberg’s view) that ex-
act single predictions are impossible turns out to be equivalent
to the hypothesis that predictive measurements and physical
selections are inseparably coupled. With this new theoreti-
cal system—the conjunction of quantum theory with this auxiliary
coupling-hypothesis—my conception must indeed clash. Thus we
have completed point (3) of our program; what still remains to be
shown is point (4): that the system, consisting of statistically inter-
preted quantum mechanics (together with the laws of momentum
and energy conservation), combined with the coupling hypothesis,
is contradictory.

20/39
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Part VI

Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment

= Two non-predictive measurements on one particle (momentum
followed by position)

= Conservation law

= A predictive measurement on another particle sharper than the
uncertainty relations allows
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Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment: Crossed Beams Setup

Physical selection:

¢ Electron beam A: monochromatic,
sharp momentum a;

* Photon beam B: slit-selected;
unsharp momentum by

Collision at S (Compton-effect):

* A-electron goes to X with as

* B-photon goes to Y with ba

* Conservation of momentum:
a; + by =az + ba

Non-predictive measurements:

* Xi: electron momentum as
* Xo: electron position at Xo att 4

Reconstructing the past

of an electron (and cons.
law) allows prediction of
the future of a photon

Predictive measurement:

* From t, and az reconstruct tg

* Momentum bz = (a2 + ba) — az

¢ Arrivaltimetg atY,

* Photon B will be at Y with b attp

22/39



Popper’s ETP-like Thought Experiment: Addendum

‘C [D]loubts could now arise regarding the possibility of [...] such non-
prognostic measurements as we require in the specified experi-
ment. One could in fact take the following view: non-prognostic
measurements allow us to make an exact calculation only for cer-
tain intervals, namely for the intervals between two measure-
ments [X; and X2][...] For the time before the first [ X;] or after
the second measurement [X2], however, [...] the uncertainty re-
lation holds, whose validity would therefore (in contrast to Heisen-
berg’s remark) be symmetrical for past and future’. 9%

Popper, Ergénzung

"The conclusion of the ETP paper.
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Popper’s ETP-like Thought Experiment: Appendix VI

= At X, an electrostatic filter (parallel plates with E normal to the
beam) selects electrons with the same momentum p, without
changing it.

* Hence, it does not change the z-coordinates of a single particle; otherwise,
there would be a jump (only the ensemble shows a spread of positions).

= At X5, a Geiger counter (or moving film strip) records position  and

arrival times t.

‘c Assuming that the z-coordinates of the particles are not disturbed
by the momentum measurement, then the exact determination of
position and momentum also extends to the time before the mo-
mentum selection [X:]; assuming that the momentum selection
disturbs the z-coordinates, then we can calculate the trajectory ex-
actly only for the time between the two measurements [X; and

Xo1. o 3

(Popper 1935, 220)
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Part VII

The Leipzig Reaction

Heisenberg and Weizsacker in Leipzig, 1935. Source: Max Planck Society Archive, Berlin
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The Leipzig Reaction

Inatitut f0r theoretische Physik

100k e 23, Nove 34

der Universitat Leipzig

Herrn

Dr.EarlPopper,

WienXur
Anton Langergasse 46

Sehr geehrter Herr Dr. Popper!
Herr Dr. Berliner schickte mir, wie Sie in Inrem Brief or-
wihnen, einen Korrekturabsug Ihrer Zuschrift an die Naturwiesenschaf-
ten. Aut die Bitte von Dr. Berliner haben Dr. v. Weissticker und ich
uns das von Ihnen gestellte Problem Uiberlegt und, wie wir glauben,
den in Inrer Diskussion des

gefunden,
Wir haben daraufhin eine kurze Diskussion des Experimentes an Herrn

Dr. Berliner geschickt mit der Bitte, sie Ihnen weitorsugeben und fur
den Pall, dass Sie an der Verbffentlichung Ihrer Zuschrift festhalten
wollen, sie gleichzeitig su verttfentlichen. Welcher Art die Kritik
ist, die wir an Inren Uberlegungon tbem, werden Sie ja aus unserer
Note ingwischen gesehen haben. Es handelt sich im wesentlichen um den

Begriff der*nichtprognostischen Messung®, der uns in Inrer Arbeit miss-

t. Da es an 1st, bei der

eines

sur Klarheit gu kommen, so
witrde

mich interessieren su wissen, ob Sie mit dem, was in Weis~
skickers Note steht, einverstanden sind oder nicht. Ioh glaube, es

milsste miglich sein, hiertiver gur Binigkeit su gelangen.

it vorsiglicher Hochachtung

Y Kedrentey.

‘c You will then see what

kind of criticism it is.
Essentially, it concerns
the concept of the ‘non-
prognostic measure-
ment,” which in our view
appears to be misunder-
stood in your work.

Heisenberg to Popper,
23-11-1934
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The Leipzig Reaction: von Weizsacker’s Reply

= Measuring momentum at X
(Doppler effect) and later
position at Xs (Geiger
counter) allows reconstructing
a ‘trajectory’ only between
X1 and Xo.

It cannot be extended before
X1 due to the trade-off
between frequency accuracy
(Av) of scattered radiation
and observation time (At).

\ 4

time of the collision
at S undetermined
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The Leipzig Reaction: von Weizsacker’s Reply

Thus, even if the position [at X2] after the momentum measure-
ment is exactly known, one still cannot infer the position before the
momentum measurement [at X;] with an accuracy greater than
the error h/4wAp. That is, our knowledge of the trajectory of par-
ticle A before the momentum measurement at X, and thus also of
the trajectory of particle B after the collision at S, is in accordance
with the uncertainty relation. This proof, of course, again applies
only to a specific experimental setup. However, we have no rea-
son to doubt that any other combination of measuring devices at
X would yield the same result.

Weizsédcker in Popper 1934

b/
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The Leipzig Reaction: Popper Counter-Reply

November 26, 1934: sent the galley proofs of the Logik to Heisenberg +
Appendix VI

= Popper insists that in his first note he did not attempt to prove the
legitimacy of calculating the past of the electron, but simply assumed
it, citing Heisenberg’s remark as licence.

= Popper replies that von Weizsacker refuted only one method of
momentum measurement (scattering), not all. By using momentum
selection devices (filters, spectrometers), he claims, one can measure
momentum without disturbing the particle.

28/39



The Leipzig Reaction: The Publication of the Paper

Kurze Originalmitteilungen.
Unter Mltwnrknng von Max HARTMANY, MAX v. Lm-, CarL l(lvnlm, Anﬂmx Rusl\muu und Max VoLuER.
Verfass

ie kurzen O

Der Hennsgebm' bittt, 1. im Manuskript dor hmm
ciner baldigen

er in o

die
n dieser Stelle zu blpv«nden 2 die Mlttnlnngen auf cinen

Unniang von hochstens einer Druckspalte 7u beschriaken.

Zur Kritik der Ungenavigkeitsrelationen.
der i

»
aretaz
stitzt sich a

Wit wiblen nun eine Richtung S und betrachtenfene Tel-
chen . e nach dem Zusammenstof i dieso Richtung
i Wanen dann deren Impuls s berechmen sowie

n Impulsvektor b, jener ac Tellehan vou (51 diorult den in dia
Rlchl\ln( sx m., nden, (41T bei § zusammen-

it
ein' ikroskop s die genauere, fir nachprafbare Pro-
bare Messungen nicht gestatten. Auf andere,

Hioaen werden 445 doch
nden wird, das ge-
proguostische Messungen (unter Verwendung bekan
ot Erilres und GometzmaBgition) i moghoh cheinen
188t Ein decartiges Experiment wire nun in der Tat das

Ein Blgklmnens‘nh.l A md dn Libt. (Reotyen)
Strahl B (vgl. Fig.) werden gekreust (auch andere

~y

Versuchsschema.

et sattoows

ik unversigbar erlaren —

yied thre Glltigheit dumsh
as_an ich

e Experiment bt bee
ostisch Messungen el Jexh:hcn vun rserer
Genaugkeit as i Ungengui igkeitre tatte:
scheinen (ja sogas von gruud-aizich beiebigar Genguigkeit),
Sind also mogich;
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dieser (wie hiec nicht ndher ausgefiibrt werden kann) sogar
verlangt?.

Wlen, den 27. August 1934
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Sitereits die Kenatais des Orts gemi der Unonavigleits

sistion sttt Soll der Tmpuls belpleinweise dur:n einen
Swl!pnun  Doppleretekt) gem itzen-
2Abler ist 2u Tmpulsmessungen DIcht geelgaet), so erfordert

o Messuag olnt cndiche Zeit, weil sonst die Frequens des
stoBenden Lichtquants oder Elektrons nicht exakt definiert
werden kann und somit der

lweise unbestimmt bleib.

pretiert man die i s o

son-
ol stische Sreungriaionen — in dem S, G40

Sie die Hersiltung (b ¥ o Tolchenmenge,

Bomogener it s e reer Fal,as it der Quinteatoecha

Heft 48.
30. II. 1934

priifbare Schliisse auf die Zukunit. v WEIZSACKER
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The Leipzig Reaction: The Counter-Counter Reply

. I
Bux Xritik dex 24 2148032y

(Ropldx euf Dr.v, VEISSROKER® Kritik s der 1, Mitteilmng *Zur Kri-
4k der + Dle 22,Fett ¢

" B48OTLsyvom 30, November 1934,)

Dex in meiner 1, Mittellung dargestellte Gedankengang sollte sei-

7. gem, dase gensue Orts— und Tmpulsprognosen mBglich sind, wenn voraus-

gesotzt wird, dese eine genaus "Reshmmg Sber die Vergangenheit” des
Teilchens, d.n, Sber aeins Behn bis sum Fintreffen an einen gensu go-
messenen Ort sulBssig ist, Die Sullssigkeit dieser Voreussstsung woll
te Lch in der 1, Mittellung nioht wntersuchen, da ioh glaubte, nus
einer Beneriung HEISKVBERGs® schliessen zu dfirfen, dass oie bekamt
1et. Ioh vervies in meinem 1. Mitteilung suf susffhrlichere Auseinsne
dersetsumgen in meinen Buoh?,

Demnooh besohEftigt sich die v. VAISSESEERsche EritiX meiser ite
tetlung gues doh mit ddeser,. dort Gberhaupt nicht dlskutier—
ten vumug%. Toh gehe deabald in der vorliegenden Ermiderwng
daven @us, dass der in meiner 1, Mitteilung ekissierte Gedankengang =
ale Zurfiokfiinrung der “proguostischen® Messwng euf die Zulissigkeit
von gewisaen Hessungen — 18t wma
beschrinke mich darauf, dle in meiner 1, Mittellung nioht diskutier-
to aos
o v, VEIZSACKER bestreitet, su begrinden,

“Eiohtorormostisch* neme 1ed Uessungen, die mu einen der folgen-

den dret Fllen gehSrem: (a) ®)
nit wd (o) mit Dor
Ausdruck "nichtprognostisch" soll andeuten, doss diese Kombinationsa

von Messungen Xoinerlei £ Bey
henptungen Sber das Teilohen su liefern scheineny wir k3anen swar

*  voraussetsen, dase jeds der deiden Messungen, die susammen dem Fall

(a)e (b) oder (o) exgeben, wabesohr@nkt genaw sein kann, und wir kine

" nen euf Orund beider Nessungen susammen auch ein Stlok dor Bahn des

Iﬂ_tt der 8. 15,

. %Logtx der Forackumg, B, 177 2.y B. 220 22, < e
" Jper zonalt Buoh 1 Desemd ersonetnt,
Bexem v, 'l’;; 2 uﬂ{ g:‘hn::’ R 9% o :

December 6, 1934 Popper
sent a second communication

December 6, 1934
von Weizsacker drafted a
counter-reply

December 10, 1934
Heisenberg wrote to Popper
(enclosing von Weizsacker’s
letter)

December 16, 1934 Popper
replied to Heisenberg with a
revised version of his second
communication
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The Leipzig Reaction: von Weizsacker’s Counter-Counter Argument

Electrostatic setup to analyze the momentum of
charged particles, like electrons

= The screen position EF =y
encodes momentum p
information only if the entry
position d is known with finite
precision.

= If one improves the precision
of d, the spread of momentum
p increases.

¥

The uncertainty rela-
tions are encoded in the
momentum measure-
ment apparatus itself
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The Leipzig Reaction

L=E;?,«\d€ax_"_Pﬂ_u_, -

M«»«wl - - "re«.w oo kim0
a-fonlie, e iR pponacl LIy Han
v e Bapllen Pul,,. ety
de e e sake wnspd fond | Py

hnt;.44. j ~ 4>“<;QA-‘— ’l¢£z1£,éf ;.L;.[:;h(?

e S, ol s

Weisskopf to Popper, 21-01-2025
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The Leipzig Reaction

February 1935 — Popper sent a new MeBanordnung
February 4, 1935 — Euler to Popper

February 14, 1935 — Popper drafted a response (not sent)
March 12, 1935 — Popper’s second response

March 19, 1935 — Heisenberg sent his final letter

March 1935 — Grete Hermann (1935)
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Part VIII

The Popper-Einstein Correspondence
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The Popper-Einstein Correspondence

= March 25, 1935 — EPR paper submitted to Physical Review;
published on May 15, 1935.

= April 28, 1935 — Frieda Busch to Einstein: Logik der Forschung +
paper

= June 15, 1935 — Einstein to Popper: endorsed Popper’s philosophy
but criticized the experiment as flawed

= July 18, 1935 — Popper to Einstein

= August 29, 1935 — Popper to Einstein: typescript Zur Kritik der
Ungenauigkeitsrelationen
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The Popper-Einstein Correspondence

o : -

dzur Zritik der Ungenauigkeitsrelationen.

A. Xurze Angabe der

In folgenden wird die fuese vertreten, dess die sus Ger Quantenue-
ctanik ebleitdare LXISEN3:iGsche Formel
@) dp, 82> 0/4x
in System der statistisch interretiorten juentenieckenik nicht als
"ingeneui greitsrelation”, d.h. els Sesclrintung der erreichderen Ge-
nauigieit vei gleichzeitizen essunen einer rertizel interpretiert
werden darf, Uir vehaupten, dass die Joruel (1) im Systea der stati-
stisch interpretierten (uenteniechenik nur zls stalistisciie iussseze
toer die Strewung einer yuenten.e):
Slektroneamenze) intervretiert we:
Yersucht nen, eine usnten.echiniscie lJesautieit, etwe eiuen Lichte

:uenten- oder :lektroienstrehl mizlicist hoaogen za inchen, 5o finden
wir, dass solchen Seuthungen ’renzen jesetst sind; wir knnen 2.3, nicht
die Tupulse der verschiedenen Pertilel der Jeseutheit eliedig genau
monochrosatisieren und gleichzeitig (durch susblendung) den Strehl be-
liedig schuzl (oder deliebig kurz) machenm, usw, Jiese _rscieimng, die
nen in der iusdrucks.eise der ¥xilemzschanik .ellentheorie 'm" m

nennen pflegt, kenn uman, venn uen von Fartikeljesautheiten spricht, als
"Sfrenunz" bezeichnen; men kann etwe in Sezug suf unser eispiel scgen:
(2) Die Urte der einzelfnen Partilkel cines seilchensirehls streuen -
soaehr, je homogener die Iupulse sind, und ungeseurt.

Dieser 3ats ist nur ein Spesi:lfall des allgeweiuen Srtzes der stati=
stischen ‘uanteniechenik, %
(3) "Streuungslose Ueseutleiten jibt s micht ... £lle Gesantheiten

Zur Kritik der Ungenauigkeitsrelationen, 1935 34/39



The Popper-Einstein Correspondence

cc One would have to apply a ‘non-prognostic measurement’ accord-
ing to case b) — a position measurement [at X:] preceded by a
momentum measurement at [at X;]— arranged in such a way that
one can calculate the trajectory not only in the interval between
the two measurements, but also for the time before the momen-
tum measurement) The position coordinate is measured precisely
by the peak counter (the moment of incidence [at X2]). Question:
Is there a method of momentum measurement [at X ] that could
precede this position measurement without destroying (blurring)
the position coordinate of the particle? ,,

Popper, Zur Kritik der Ungenauigketisrealtionen (1935)
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The Popper-Einstein Correspondence

Popper’s new filter

: = Colored glass filter (e.g., a

Sy GO e Cak e green filter): allows a broad

i dn 42 e band of wavelengths to pass,

but blocks most other colors.

= Gas layers: absorb photons

whose energy matches their

resonances and let the others

pass.

¢ on-resonance photons
=-absorbed and re-emitted
(blurred)

« off-resonance photons
=-transmitted (unchanged)

a1l des sllgessinen Srtges der stati

Leiten ;idt es nicht ... clle Sesantheiten
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The Popper-Einstein Correspondence

“-.Mﬁdﬂ-f——-lﬂ--h‘ - ———"
W W . San ¥ lnrp e
-..q..-.l..:i - L. Seans thilllinn -
¥ o St e -
- el a Tradh Y

LG sy it PR

e pf ALl ot byt —ekimalos bl iakbala ”
Hid e o st inbalir; Tadnr
* Hegtiante: L yp- Lo et

Einstein to Popper, 11-09-1935
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The Popper-Einstein Correspondence

I have looked at your paper, and | largely [weitgehend] agree. Only
| do not believe in the possibility of producing a ‘super-pure case’
which would allow us to predict position and momentum (colour) of
a photon with ‘inadmissible’ precision. The means proposed by you
(a screen with a fast shutter in conjunction with a selective set of
glass filters) | hold to be ineffective in principle, for the reason that
| firmly believe that a filter of this kind would act in such a way as
to ‘smear’ the position, just like a spectroscopic grid.

Einstein to Popper, 11-09-1935

\ 4

short light signal (precise position) is analyzed into quasi-monochr.
wave trains W,

absorbing filters cut out all the colors W,, except W;.

the filter puts photons in a state with sharp momentum W; (thus
unsharp position).

3
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Part IX

Conclusion: Learning from Popper’s ‘Gross
Mistake’

“A gross mistake for which | have been deeply
sorry and ashamed of ever since”

(Popper 1982, 15)
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Conclusion: Learning from Popper’s ‘Gross Mistake’

= Jammer (1974) anticipation of Einstein’s 1935 EPR thought
experiment

* A variation of Einstein’s 1931 ETP thought experiment (with the opposite
conclusion)

= Margenau (1974) anticipation of the distinction between
preparations (selections) and measurements

* (Predictive) preparations and (non-predictive) measurements: predictive
measurements without prior preparation.

\ 4

Weak Coupling-Hypothesis

Every measurement E a preparation (Weisskopf) Ev-
ery measurement presupposes a preparation (Margenau)
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Einstein’s Unsent Letter: A Philological Cunundrum

cc The present quantum mechanics is adapted to the following postu-
late, which appears unavoidable in view of the empirical facts: If a
measurement on a system yields a value, then the same measure-
ment performed immediately afterward will, with certainty, yield
the same value W. [...][Example of polarizer] Therefore in my
opinion one cannot avoid the assumption that the measurement
[...] brings about a new state which, with respect to the variables
to which the measurement refers, is an eigenstate ,,

Einstein to Popper or Margenau (?), 01-01-1936
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Thanks!
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