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Ilpeanciosue

QyHIAaMEHTANTLHBIC TTOJIOKEHUA ~ KBaHTORO# TEopUu
KopeHHBIM ~ 00pasoM  H3MEHHJIM Mpejcraplienue o mupe,
yHacjieoBaiHoe oT 19 Beka. Ouu BbbIBatOT TIEPEBOPOT B
MBILLIEHUH W TIOTOMY KACaloTCA LIWPOKOTO Kpyra moeit. OnHako
B TUTEPATYpPE, MOCBAIICHHON OCMBICIICHUIO KBAHTORO} MEXaHHKH,
uMeeTCA CYLUCCTBEHHbIH NPo0ben. A MMeHHO, B Hell 06CTOSTeNBEHO
p3/1aracTcs apajgoKCcalIbHOCTh KBAaHTOBOH MEXaHUKH,
HEOXUJAHHOCTD €€ BHIBOJOB, M MPOTUBOPEUHS MEXTy KBAHTOBOW
MeXaHHKOH M Hallled MHTyHuMei. B To xe Bpems ouens maio
KHUT TIOCBALICHO Pa3sBUTHIO MHTYMUMH ydTaTeNel, YTOOLl HOBbIE
(axTs! CTATH JUIS HOIO NCHATHLIMH ¥ OUEeBHAHEIMM.

MBI IOCTaBWIK CBOEH LENBIO B 3TOH KHHIE NPOCIEINTH CBI3b
KBAHTOBOHM MEXaHHKM C HHTYHLMEH, 3[paBeiM CMBICIOM W
dunocopuein. Ml Upoko nosnb3zyemes uuraraMu. L{urats! 660
JUCKPCAUTHPOBAHBI TEMH aBTOPaMH, KOTOPhIC MPHKPHIBAIM HMH
OTCYTCTBME  COOCTBEHHBIX Mbiciiedi. OaHako, CTaThd IO
KOHUENTYJIbHBIM BOIIPOCaM €CTECTBO3HAHMA O€3 LUTAT CTOJb Ke
HEYKJIFOXKH, KaK CTaThd IO MaremaTuke 0e3 ¢opmyn. Knaccuxu
00BIYHO (POPMYJIHPYIOT CBOM MBICITH OenbIMHU cTHXaMmH. [loaTomy
MpH II€pecKase LMUTaT TEPSAETCA «UyBCTBO HETOCPEACTBEHHOTO
KOHTaKTa ¢ npexpacHeim» [2]. Kpome Ttore, npm nepecxase
YTpayHBaeTCs JOKYMEHTAIbHOCTD, HIOAHCH B KOJIOpUT. LluTaTh y
Hac cnyxar He TOJRKO JUIS HJUIIOCTpauyu, HO B pAZC CIIYYacB

COCTARIISST UALTE TEKCTI .
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B Hacrosmee BpeMsi cephe3Hble pabOThI 110 KOHUENTYaIbHbIM
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A0 Munumyma. Hecmorpss Ha 3TO, OTACIbHBIE MECTa B KHUTE

PN YTATT TYR AT ATTITTTLS

O .
I‘V"\hl' .l o onr, My 2 a4 TPYYY Y TY £Y YYYTErT =T s ﬂl lcm kq‘&
WYT  NOKa3aThCH TPY AHBIME. JJA  duTaTdicn, h ul

YManuTapHoe oGpasoBaHme. Takue MecTa MOTYT OBITH

1
Iponymens: npu mepsoMm uTeHMM. Mbl HE JKajeeM MeCTa lIILIe
fpumepos, OXUBILIOUINX  W3JIOXKCHUC. «[Tpumeppl Y4



g?ff:HrimT ey uem obuime, aberpakrhpie paccyxienns» (Emst
Mach, [3], p.247).

B KHUI® NPUBOAATCA MHOIO MaJIOU3BECTHBIX HMHTEPECHBIX
MCTOPMUYECKUX (PAKTOB. T€M HE MeHee, MBI OIrpPaHMYMBaEMCH
TOJIbKO CaMBIMH CYIIECTBEHHLIMU HMHTEPIpPETALUAMU KBAHTOBO
MEXAHUKH.

Knura npeanasHayeHa Ajs Juil ¢ BBICIIUM 00pa30OBaHUEM Kak
€CTECTBCHHO-HAYYHOTO, TaK M T[YMaHUTapHOro Ipoduis,
MHTEPECYIOMMXCA KOHLENTYAIbHBIMU BOIIPOCAMHU COBPEMEHHOrO
ECIECTBO3HAHUA. DBUIO MPWIOKEHO MHOFO CHJI JIA H3JI0XKECHHA
BOKHEHIIHUX BOIPOCOB Tak, YroObl OHH MOIJIA OBITH HOHATHI U

YyuTareNIMU-HecneuaIuCTaMH.
B cBa3u ¢ opuenTanyel KHUry B
~ Hee BKJIIOUCHBI )parMeHThl C MEeMEHTAapHEIM HM3JI0XCHHEM paia
OCHOBHBIX Bolpocos. Hexoropeie u3 3TUX (PparMEeHTOB MOTYT
TIOKA3aThCsl M3JMITHUME TS CIELHUAIHCTOB, HO OHA HEOOXOAWMET
I mupokoro xpyra uurarenei. CCbUIKM B TEKCTE YKasbiBarOT
JIATEPATYPy, IAe oOCyXIacMble BOIPOCEl OCBELICHH Oouee
nopo6HO. AHATIOTHYHEI XapakTep UMeIOT paboTrl [4-5].
HacTosinas KHUAra OT/IMYaeTcs TEM, YTO B HEH OCBEIEHA POJIb
Maxa Kak uieosora Hay4HsIX peBOJIIOLIMM, JaH aHanu3 Ipolecca

U3MEPEHHA, LOKa3aHa HEBO3MOJKHOCTh BBEJICHHA B KBaHTOBYIO
MEXAHUKY CKDBITEIX apaMeTpoR, (AHHOTUPORAHHVIO

o~ m serm At w A& \L AZAAANS A XL \l-\—'“&‘.‘J.J ANS

oubmuorpaduro 110 MHTEPIPETALIHN KBAaHTOBONR MEXAHHKH MOXKHO
Ha¥WTH B cTathe [7]).
B mocrnenHee RpeMd NOSRUIOCE MHOIQ KHUT

R
CTOJNIETHEMY IOOMJICIO KBAHTOBOM MEXaHMKHM. B HHX IMIMPOKO
OOCYKAAIOTCT KO

=
o
noclenyue AOCTINKEHHS XBAHTO
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B HelaBHO OIyOMKOBanHOM 0030pe M.B.Mexnckoro [163]
oGCyKAAIOTCH HOBbIE SKCIEPHMEH T, B YaCTHOCTH, No TIPOBCPKC
HepaBeHCTB Beila, a TakxKe NMpobieMEl KBAaHTOBOH MH(pOpMaTHKY
4 TeOpMM CKOICPEHUMH, BKIIOYCHUWE MBIIUIEHMS B Mpomece
y3MEPEHHA, MEXAaHH3M CeNICKUUH B M3MEPEHMH B KBaHTOBOH
MEXaHUWKE, MHOH@CTBCHHOCT-B nMapannenbHbIX MHDOB.
KoMMEHTapHH K OOCYXACHMA 3THX npobiem OIyONMMKOBaHbI B
macomax  Jlunkuna AWM., Tlawosa A.Jl, Jlecosckoro I b.,
[{exmuctpo M.3., Haxumcona P.C. [164].

OOCTOATEIBHOE M HHTEPECHOE OOCY)XAEHHE aKTyalbHbIX
qmnococpcmx npobieM COBpPEMEHHO!I KBaHTOBOH MEXAHUKU
MOKHO HalTH B mocneanei xuure M.3.Iexmucrpo [167].

TTAT N ITANMNAaOT TTN f"\
Artepul Gnarczapar npogeccopor Bepexuore I0.A., kony

B.B. u Crenanosckoro IO.T. 3a ueHunle auckyccuu, A.B.

TleMy1IKYIO 32 aHrJIMACKuK nepeBo] u3gaHus u B.C. [Turaactyio
332 KOMIIBIOTEPHBIN HA0OP KHUTH.
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ace
Preface

Answerny thie quesiion : “How do yOu create
sculp-tures?” Auguste Rodin said: “l take a
- stone and cut off all superfluous”.

The fundamental ideas of quantum theory have altered the
picture of the word that we have inherited from the nineteenth
century. They have caused a conceptual revolution and thus touch
the mental lives of many people. However, the literature devoted
to the interpretation of quantum mechanics suffers from a
significant gap. Whilst there are extensive discussions of the
paradoxes of quantum mechanics, the unexpected nature of its
conclusions, and the contradictions between quantum mechanics
and our intuition there are relatively few books which try to
develop the reader’s intuition so that the new facts become more
readily understood and accepted.

Our aim in this book is to examine the connection between
quantum mechanics, on the one hand, and common sense and
philosophy on the other. We make extensive use of quotations
while being fully aware that some authors employ quotations as a
means of dissimulation or of covering up their poverty of thought.
However, a book on conceptual problems in natural science that is
devoid of quotations is just as clumsy as mathematical paper
without formulas. We know that eminent scientists often express
their thoughts epigrammatically, which is why the re-telling of
Such quotations often causes a loss of the “fecling of direct contact
With beauty” (Ref 2). Such retelling tends to lose nuances, color
2d documentary character. In our own presentation, citations
Serve not only as illustrations, but are treated as an integral part of
the text. -
mUS/t'\EY Serious put?lication on philosophical ;tﬁobl:trincss 11;{1;}:3:\12:
% Y ow contain a certain amount of mathematics. o

¢ have trieq to reduce the number of mathematical formu
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minimum. Even s0, some of the sections presented below may
difficult for readers whose education is most A
These sections may be omiited by them.

We have taken every opportunity to eniiven our discussioy
with examples.” “Examples provide better explanations... thay
abstract general discussions” ([3], p. 247). There are many Iittie
known interesting historical facts. Indeed, we confine our attention
to the more substantial interpretations of quantum mechanics.

Our book is intended for broad sections of readers with higher
education in the natural sciences and the humanities, who are
interested in conceptual problems in modem science. We have
given considerable thought to the digest the more important

m\e&hrmc for nnncppm 1alist readers,

A%wid

Since our book is intended for a wide range of readers, it
contains fragments that are rather elementary. Some of them may
seem unnecessary to specialists, but they are useful to others.
More detailed discussions of particular topics may be found in the
references scattered throughout the text. Similar accounts are
presented in [4], [5] and [6].

~Our book differs from other presentations mainly by its

examination of the contributions of Ernst Mach as the ideologue
of scientific revolutions, by its analy31s of the process of
measurement, and by the proof that it gives of the i impossibilitty of
hidden parameters in quantum mechamcs. (An annotated
bibliography of interpretations of quantum mechanics may be
found in [7]). ; |
Recentiy a number of works have been published devoted 0
the centenary of the quantum mechanics. Conceptual problems ©
S

anannim mpnhaq
\.1uul LAt il LAAN/ N/ A ARAL

One of these publlcatlons 1S the work of Stepanovsky Yu.P. [162]

in which recent principal experiments ar

as the stopping of light, the creation of quatum mechanical

superposition of macroscopic states and quantum teleportation.
Quite reliable Mensky’s review has been published in [163]

In this review new experiments are discussed, in particular, the

8
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experiments testing .Be~11’s iqequalities. Also such problems are
discusscd: quantuin H.lfOI’H.latl(.:‘s and the theory of decocherence,
consciousnessﬁ 1n?1u§10n i the process of measuremeni, the
mechanism O1 Ceieciion In measurement in quantum mechanjcs
multiplicity of parallel worlds. ' ’

Comments and discussions as to considered problems are
published in [164] m the letters of Lipkin A.L, Panov AD.,
Lesovski G.B., Tsekhmistro I.Z., Nakhimson R.S.

Inetresting and detailed account of philosophical problems of
quantum mechanics can be found in the last Tsekhmisiro’s book
[167].

It is a pleasure to thank prof. Yu.A. Berezhnoy, V.V. Shkoda
and YuP. Stepanovskii for valuable discussions, A.V.
Demutskaya for English tranlation and V. Pignastaya for computer
Version.
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[ntroduction

"Within there was a small corridor, which
ended in a very massive iron gate. This also was
opened, and led down a flight of winding stone
steps, which terminated at another formidable
gate...

"We are at present in the cellar of the city
branch of one of the principal London banks...

"You are not very vulnerable from above",
Holmes remarked...

"Nor from below", said Mr. Merryweather,

| striking his stick upon the flags which lined the
floor.

"Why, dear me! it sounds quite hollow", he
remarked, looking up in surprise...

...and then, without any warning or sound, a
gash seemed to open... With a rending, tearing
sound, one of the broad, white stones turned

- over upon its side, and left a square, gaping
hole, through which streamed the light..."

A. Conan Doyle. The red-headed league.

"To ancient man the universe was chaos, governed by caprice.
In order to explain its phenomena, he found it necessary to people
heavens with a host of minor gods and goddesses, and the
mountains and streams with a varied throng of giants, nymphs and

Gradually science revealed the order of the cosmos. It taught
that the universe was orderly, functioning in response to well-
®stablished laws"([8]). .

Newton's laws of motion and of universal grawtatlon.le'd to an
“Xplanation of the motion of celestial bodies, and to predlgtlon,s of
SOlar and Iunar eclipses that had been previously “explained by

Ving intervention. Newton's laws explained all the known
“elestial phenomena.

13
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The application of the laws of physics to terrestrial phenomey,
hag

racnitna 4 : ﬂ/\‘ﬂu r‘\p .T\IYO‘P\“
1ias resulted 1n a veritable avalanche of invent:

been regarded as miracuious in the past.

The steam engine and gramophone, electricity and aeroplang,
cinematography and radio appeared. It seemed that the victory of
reason was total and irreversibie.

However there were accumulated facts which could not be
explained in the frame of the classical theory.

First of all atoms in a solid body are held in their positions by
elecirostatic forces. However, according to the Earnshaw's
theorem ([9], p.116) any stationary distribution of electric charges
is unstable (Nuclear forces cann't act because their range is 107

) ; ) . .
cm. whereas the distance between atoms in solid bodies has order

of magnitude 10~° cm.). Therefore classical physics contradicts to
the existence of solid bodies.

Then the Rutherford's model of atom is also unstable with
very short time of life.

Besides this, experiments show that energy of an excited atom
cannot be arbitrary. It can have only strictly prescribed isolated
values, between which the forbidden intervals are situated. This

discreteness of energy is incompatible with the Rutherford's model
of atom. |
Further, according to the classical theory of the Rayleight-

Jéans the spectral density of the radiation of an absolutely black
body was defined by the formula ([10])

P
w

plo)=——=kT (0.1)
; T C

Here w is the radiation frecuency, ¢ — velocity of light, & -
Boltzmann constant and T - absolute temperature. This formula
was in accord with experimental data only for small values of the
frequency w. As for high frequencies the experimental resuits
sharply differed from the calculations according to the formula
(0.1). Moreover, the total intensity of the radiation 7 ,



[~ 0]

7= Ip(m)dm (0.2)

0

was infinite. It was an evident absurd.
Then from classical kinetic theory it follows that the thermal
capacity of an ideal gas under constant volume c, equals

l
Cy = EkT (03)

Here I- the number of degrees of freedom. This formula fits to

the experiment if the temperature T is high. As to low temperature
the expression (0.3) describes only the thermal capacity of a
monoatomic gas (/=3). In the case of a two-atomic gas,
coincidence with experiment occurs merely, if we put thc number
of degrees of freedom to be equal to five, i.e. if we disregard the
deformation of the molecula. It appears that the sixth degree of
freedom (oscillation) is "frozen". The classical physics was not
enable to explain this fact.
Now, the Newtonian mechanics could not explain the photoeffect
(the knocking out of electrons from a metal under influence of
light). Indeed, the metal is a potential well for electrons. Electrons
in metal may be treated graphically as balls in a wash- tub under
action of the force of gravity (Fig.1). Action of light, ie. of
electromagnetic field, on electrons is equivalent to swinging of the
tub. During this swinging part of electrons fall out. This is the
photoeffect.

We see that the photoeffect may be explained qualitatively n
the_frame of Newtonian mechanics. But the quantitative relations
Whlc!l are obtained in experiments do mnot correspond to the
(C)lfaSSlcal mechanics. Indeed, according to Newton, the dependence
+ Photocurrent on frequency of light must have the following
haracter: the maximal current would be in the case of

Infinjteg;
'itesima frequency. The current must

15



Electrons in a metal
Fig 1.

Jon A

£

The dependence of photocurrent j,, from frequency o according

to the classical theory
 Fig 2.

diminish if the frequency increases (Fig.2). In reality the

. Jph Uil J.l.C\.iUCllb)’ W illad d uviiala
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—
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© et
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xrh

he case, when
some critical value w, (see Fig.3).

Finally, in some cases particles penetrate through a potential
barrier. During this their total energy is less than the potential
energy. It means that the kinetic energy is negative which is
impossible in the classical physics.



All these phenomena were brilliantly explained in the frame of
quantun Ehgoxy. Now quantum mecchanics is a basis of all natural
sciences. Principies of quantum mechanics iie in the foundation of
ihe theories of atoms, elementary particies, transistors
superconductivity and so on. | ’

However, quantum mechanics contains merely mathematical
results refuting the common sense.

gk

fo-

Dicivspys 0,

Expeﬁmental dependence of photocurrent from frequency
Fig 3.

"What are ...these features of quantum mechanics that prevent
us from treating it in a classical spirit and see the wave function as
a field distributed in space and time, in many ways similar to the
classical field... For a complex system consisting of a large
number of particles, the wave function depends on all the degrees
of freedom of the system and not just on three coordinates. It is
function in multidimensional configuration space and not in the
real physical space... The wave function does not always exist and
s not always described by the Schrodinger equation, under certam
Well- known conditions, it is simply deleted and replaced by
AMother (this is the so-called reduction of a wave packet). It,ls
Clear that this type of instantaneous change is not consistent with

the Concept of a field." (Ref 11, p-461)

17
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Besides this, quantum mechanics questioned of objectivity
our knowledge: | o
R 1) If the wave function is not *a fieid distrijbuted ina space” iz
1t 1s defined not in the real physical space but in muitidimensionai
abstract space. if its evolution is not always described by .
Schradinger equation, but it simply deleted, then does quantyp
mechanics describe merely our sensory perceptions or oy

knowledge, rather than nature?
2) Causality principle is broken in atomic processes. Result of
a measurement is random as a ruie.
These strangenesses of quantum mechanics "produced an
increasing confusion among physicists"([12], vol.3, p. 199).

It was common to find in papers and bogks statements that
there is no reason to say about state of an electron if nobody
observes it. And more generally: physics is concerned exclusively
with the ordering of our sensory perceptions and not with the
discovery of objective laws independent of the observer. Jordan
wrote: |

“When it is characterized as the framework for mathematical
formulas, the atom is an auxiliary device for ordering
experimental facts, like the geographical grid of the Earth.”

Some scientists used to say about crises of physics, about
crises of science, about the end of "the dictates of reason". There a

—aa ArwAw

mysticism arose that was contrary to the spirit of science" ([13],
p.204). |

Our aim here, on the other hand, is to understand quantum

-

mechanics and to reconcile it with common sense. Fundamentais

of quantum mechanics are no less admissible than that of classical
physics. |

1" " . {
The 'strangeness" of quantum mechanics does not li€

exclusively in the existence of specific quantum effects that
cannot be explained by classical physics. Many separate effects, ¢
g., discreteness, randomness and uncertainty relations, that ar€
usually referred to as quantum, are actually found in classical
physics too (see, for example, about this in [13]). However, I
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Chapter 1

oge , 'S

Ubservabiiity principie

"There's no motion" said the bearded sage
The other interrupted clever talk,
Instead of answer he began to walk,
It was the best available refutation,
However, I remain in hesitation:
The Sun is walking, and the Earth is fixcd.
Yet Galileo us of the reverse convinced.
After Alexander Pushkin

an‘/ 4 Av

1.1 Believe only your own eyes

Studying history of physics, Mach drew attention to the fact
that this history is an alternation of evolution (i. e, gradual
gathering of knowledge) and revolution (i.e., a radical change in
our picture of the physical world) [14]. At the time the last

revolution had been engineered by Newton.

In an earlier epoch, Aristotle considered that uniform motion

of a body required a constant force for its continnance. Newton,

on the other hand, considered that a body continued in uniform

motion if there were no external forces acting upon it.
Mach was one of the very few who foresaw the 1

that Newtonian mechanics could not be regarded as absolute truth.

e A VW AW/ NWALAVLLA

v
. on" o 3
He wrote [15]: "If we now assume that the facts establish

VY A VW

mechanics are so much better understood than other facts that they
16 hen this

can be used as the foundation for all other physical facts, then
must be an illusion. The explanation is that the history 'Of
mechanics is so much older and richer than the history of physics
that we tend to take the facts of mechanics as primary" [16].
Mach's remarks stimulated the revision of classical mechanics.

20
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Finstein had a high regarq for Mach's critique of mechanics: "
scc Mach's truc greatncss in his incorruptible skepticism and
independence.” ({17}, vol. 4, p.266) Einstein continues: "in nis
historiocritical publications, in which he foliowed with greatl care
the evolution of science and explored the internal laboratory of
individual researchers who have laid new pathways in their own
pranches of science, Mach had an enormous influence on the
scientists of our generation"([18], p. 113).

Indeed, Mach developed a program for a new revolution in
physics. In particular, if we were to abandon all our acquired
knowledge, we would regress to the level of the ape. We must
therefore retain something of the prevailing theory, but the
question is what? The answer to this question is supplied by
Mach's principle of observability: the only true phenomena are
those that can be observed directly. ([4], p.70)

Feynman discusses this in greater detail: "We just have to take
what we see, and than formulate all the rest of our ideas in terms
of our experience". ([12], vol.1, p.47)

The observability principle is a revival of the middle age
Occuma's razor" - all notions which cannot be checked by an
experiment, must be cut off from science.

We note that when Newton developed classical mechanics, he
also relied on the principle of observability: ".. hitherto I have not
been able to discover the cause of those properties of gravity from
phenomena, and I frame no hypotheses; for whatever is not
deduced from the phenomena is to be called an hypothesis; and
hypotheses, whatever metaphysical or physical, whether of occult
qualities or mechanical, have no place in experimental philoscphy.

NnNe are in*‘pﬁ'pd from the

‘In th}S “I\'IOGI\nhv ﬂorhr‘n]ar 10ns are micrreg rem

Phenomena, and afterwards rendered general by induction”. [19]
Mach's obscrvability principle may turn out to be a return fo
Berkley's ultrasubjectivism: "to exist is to be perceived[20]. In
aCtual fact, it is only the unrestricted application of this principle
that leads to subjectivism. On the other hand, a reasonablg use of
the Observability principle is a powerful tool for constructing new
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21130::2. This principle enables us to sclect from the rujpg of th
oyl tid | tht? C(}mponents that will remain in the now. 5
. reate the theory ol relativity, and Bohr apg
Heisenberg were led to the conclusion that the electron in an atom
does not have a definite position or a definite momentum.

At the same time, the energy of an electron in the atom i
observable, i.e. is defined precisely: "... as far as the periodic orbit
of the electron is concerned, it may be that it does not exist at all.
The only direcily observabie entities are the energies of the
discrete stationary state, the spectral-line intensities, and, possibly,
the corresponding amplitudes and phases, but not the electron

obits"([21], p.82).

To be fair, we note that, the two other founding fathers of
quantum mechanics, namely, de Broglie and Schradinger, took the
route of classical physics and treated quantum effects in terms of
the flow of some subquantal fluid. i

However, having opposed _metaphysical materialism, Mach
proceeded to argue against materialism generally: "The majority
of scientists, acting as philosophers, adhere to a materialism that is
now 150 years old and has long been regarded as inadequate not
only by philosophers but also by people who are more or less
familiar with philosophical thinking. My aim has been not so
much to introduce a new philosophy into natural science as to
remove from it the old philosophy that have outlived its purpose’

(131, p- 12;[4]).

Theory cannot, however, be confined to the description t}f

. . . . . f{\‘lﬁ
t aro rilvs tnaliada oronornl Aty Siv
observations. It must necessar Ly HiCiuGe gliilidilsauist. i |

wrote:"It would be quite wrong to try to construct a theory en e
on the basis of observable quantities. Indeed, the reverse 1° 7
case. It is only theory that determines what can be observ

([22]).
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If we were to follow the principle of obscrvability to the letter
science would be.j‘us.t as unpredictable as the result of a horse racei
»Theory is not a listing of individuai observations, but an account
of general reguiarity”([23], p.294). "A scientific iaw is not only
the expression of a particular number of experimental facts; it
reflects the thinking of scientist: the selection of facts,
comparison, fantasy, and the spark of genius"([24], p.349).

Before Newton, people could see that apples fell on the
ground and that the Moon orbited the Earth. However, only
Newton saw the common law underlying both the faii of the appie
and the motion of the Moon, and used it to predict a muititude of
effects that had not been previously observed.

No theory can be verified precisely in a finite number of
experiments - ([23], p.288). Only experimental facts are not
sufficient for constructing any theory. These facts must be
supplemented - by some supposition. For example, when
Heisenberg constructed quantum theory, he did not confine
himself to the principie of observability, but also assumed that
Newton's equations of motion were also valid in quantum theory if
the position coordinate and the momentum were assumed to be
matrices rather than numbers ([25]).

Mach's observability principle is essential at the first stage of

an investigation, but it must be abandoned once a formulation of 2

AV AAx S

physical law has been found. Mach himself wrote: "... naturally, it
is only an infinite number of observations, performed by

3 : . * ” " /rn
excluding all interfering factors, that can yield a law" ([3], p. 241).

AN Aol AL AzAVw bk j
Strictly speaking, the principle of observability is not satistied
even in classical mcchanics: "Although onc can scc throughout

1w ac tha nearoggary
}’Stexlx GO uiv 118\4\.'001.11)

outcome of experiment, and to introduce the smallest number of

-:‘o- "-‘v + rs_irﬂn-r-;iﬁ-‘@ + Lf\
were not 1c ted duGCuy t0 eXpernimcnt nc

nevertheless introduced the concepts of absolute space and

absolute time" ([17], vol. 4, p.85).
In relativistic quantum mechanics, the background of electrons

With negative energy is unobservable ([26], p- 62)
23



Einstein related Mach's observability principle not g the
pOs: itivism or contemporary phﬂosophy, but to passive rcalism.
"From the pnuosopmcal point of view, this picture of worig g
closely related to naive realism because the supporters of the lattg,
consider that objects in the outside world are presented to yg
directly by sensory perception. However, the introduction of
immutable material points signified a step toward more refined
realism, since it is clear from the very outset that the introduction
of such atomistic elements is not based on direct observation"
({173, vol. 4, p. 317). "Mach assigned absolute significance to the
principle of observability and refused to acknowledge the
existence of atoms" ([15], p. 55).

The wave function is unobservable in quantum mechanics
"Heisenberg taught that theory must operate exclusively w1th
experimental facts and insisted that this principle be applied in
elementary-particle physics by removing from it any mention of
the time dependence of the state vector between prcparation and
measurement. This more radical form of quantum mechanics was
called by him the S-matrix theory, and he presented it as a
competitor to quantum field theory... It did not turn out to be a
successful theory of elementary particles" ([23], p. 224).

"After nearly 15 years of wandering, quantum theory returned
to its basic principles: to the spatial-temporal description of

phenomena" ([27], p. 631).

+ S

Mach was a great physicist. But Mach made all physical

~ - ) v - - .q l
investigations for the sake 'of solving some philosophical

problems. Namely, he elucidated the relations between objective

FACOAIQAC 12 sithao b RPN
p;quouuu an t,uu}w ‘v’ 5€ uoutu_um. Aa ait baauzyu., wWC duouuuv

the following experiment ([28]), which we have modified slightly-
A star is drawn on a disc of light colour. The star does not reach
the border of the disc. The interior of the star is painted in dark
colour (see Fig.4). The following picture must be observed while
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the disc is rotated rapidly: there is a dark circle of radius r in the
centre of the disc; then there is a grey ring with radii r and R, the
coour of which 1s changed continuously from dark to light; and
finally there is a light ring with inner radius R Noting that dark
surface reflects light badly, while light surface has good
reflectivity, we obtain the dependence of the intensity of reflected
light I from radius p . This dependence is depicted on the Fig.5.

As for subjective sensation, the eye sees the dependence 1(p),
which is depicted on the Fig.6: we see thin black ring on the
border of dark and grey regions (when p=r). This ring seems
darker than the dark region. Then we see a bright white ring on the
border of grey and light regions (when p =R). This ring seems
much lighter than the light region. "An eye in some sense "is
afraid" of transition from penumbra to full illumination and
overestimates the difference. The same occurs in transition to full
darkness. Eye "judges" according to contrasts rather than
according to objective values of intensities. It "judges" more
according to the differential relations of the intensity curve rather
than according to absolute values of its ordinates. For all this
white and black lines (which are, of course, concentric circles on
the rotating disc) are expressed so clearly that a naive spectator
should swear that they are real"[29].

In order to prove that the Fig.5 rather than the Fig.6
corresponds to reality, Mach took a photograph of the rotating
disc. To his great surprise, Mach saw in the photograph the same
thin rings at p =r and p=R. Another words, he saw distorted
picture, which is shown on the Fig.6, rather than veritable one
which is shown in the Fig.5. It seemed that camera marks out a
boundary between two regions analogously as man's eye. In
reality the picture on the pholograph (the number of darkened
grains) corresponds to the true picture, which is drawn on "th.e
Fig.5. But while looking at the photograph, we "W‘?rk up” it
Suhconsciously in the same way as an image of the rotating disc.
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The philosophical Interpretation of quantum mechanicg Wag
greatly influenced by Mach's assertion about their inscparability of
objective processes and subjective sensations:

"Everything physical that I find I can resolve into elements,
but entities that remain unresolved at present are colours, pyre
tones, pressure, heat, odor, space, time,

A star on a disc

*
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‘Fig 4.
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Real dependence of intensity of reflected light I from radius p
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Apparent dependence of intensity of reflected light I from radius p
| Fig6.




and so on. Depending on circumstances, these elements [je!
outside or insicil_e. U. Becauf.e, and only because, these elements
depend on conditions prevailing inside and outside U, we aiso calii
them sensations” ({3], p. 17). This interpretation makes physicai
events the consequences of their observation mnstead of
considering that events are observed because they have actually
occurred ([23], p.292). !

Mach's assertion that sensations cannot be separated into
subjective and objective parts is not consistent with reality. For
exampie, we perceive five minutes spent in a dentist's chair as
being longer than half an hour spent in the company of a beautiful
lady. Here the "unresolvable element" is actually readily resolved
intc "conditions inside I and those not inside U". However, Mach
himself, when he passes on to specific examples, in fact resolves
the unresolvable elements and rejects all conditions that lie both
inside our body and inside our mind: "..a hot body A (an
incandescent iron ball) will heat a cooler body B (thermometer)
by radiation even if the two are not in contact"([3], p. 196). Where
is U and where is I in this example? Here we have only non-I, i.e.
objective reality, which is independent of the observer's
sensations. -

Mach's view of the world is clearly illustrated by an episode in
his life. He was interested in ballistics and was often present at
shooting practice. Once he turned to a colleague and said: "I am
constantly bothered by the question whether the bullet exists in the
interval between the firing of the gun and the striking of the target.
We can't see what is happening and cannot perceive it". "You are
mad" replicd the collcaguc, "How can you doubt the cxistence o
fact that vou v
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bullet?". "This proves r.lothing "replied Mach. "It may be that the

\
In this context, it seems to us that the difference between U (our body) and the

Philosophical concept I adopted in the literature (our perception) seems upigpomtAnL

b7}
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trajectory is merely an auxiliary mathematical concept that Serveg
fm%?' for the prediction of further observations. It may be that h
buiiet does not travei on the trajectory at all. it is possibie that the
bullet vanishes at the point of firing and reappears just before jt
hits the target". The colleague just shrugged his shoulders, byt
Mach remained dubious. He constructed an instrument that couid
be used to photograph the bullet in flight and saw on the
photograph some lines emerging from the bullet. They are now
known as Mach lines. [15]. ’

Ii was thus his doubts about the existence of a fiying builet
that led Mach to the foundations of supersonic gas dynamics. The

ratio of the speed of a flying object to the speed of sound is now
called the Mach number in his honor

ALNIA o

1.4 Operationalism

The principle of observability has led to the development of
operationalism. - The founding father of operationalism was
Bridgman who defined it in the following words: "We understand
by any concept no more than a sequence of operations. The
concept is synonymous with a known sequence of operations”
(30}, p.3). SRah

Operationalism is discussed in greater detail in [23], [31] and
[32]. : '

Ve. J1ile  the 1618 ‘ 1 .

an example. Suppose we ask: what is the time? "Webster defin

"a time" as "a pericd”, and the later as "a time" (
This 1s more of a vici d

A 2ALM BLANTA W A

"time" a meaning we must specify how it mus

other words time is defined by the oper

at1nn
The extension :of this to all other physical entities i
operationalism. Without the operational approach there would be

no theory of relativity and no quantum mechanics ([33], p-2)-
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Returning to the concept of time we note that it i measured
with a clock, and the tce.nf:stf‘ial globe is a natural clock. Indeed the
unit of time, the second, 1s the time taken by the giobe to compiete
1/86400 th part of 1ts revolution around its axis. In particular, it
follows from this definition that there is no point in asking
whether the Earth rotates uniformly because time is defined in
terms of its rotation. "Recently”, writes Feynman, "we have been
gaining experience with some natural oscillators which we now
believe would provide a more constant time reference than the
Earth, and which are aiso based on a natural phenomenon
available to everyone. These are called atomic clocks. Their basic
internal point period is that of an atomic vibration which is very
insensitive to temperature or any other external effects. These
clocks keep time to an accuracy of one part in 10° or better” ([12],
vol.1, p.93).

Atomic clocks have been used to measure the extent to which
the Earth's rotation is nonuniform. "...the Earth's rotation on its
axis 18 slightly slowing down. It is due to tidal friction"([34],
p.98). We see that the question whether the Earth rotates
uniformly is not as meaningless as suggested by operationalists.
Time does not reduced to some specific measuring device, not
even such an accurate instrument as the rotating Earth. Time is a
much deeper concept; it is meaningless unless we specify the
method used to measure it, but it does not reduce entirely to the
method of measurement.

"The operational point of view, taken as the only criterion,
always presupposes an abstractions at a lower level. Hov&fever, the
most striking theoretical achievemenis involve abstractions at a
very high level” ([35], p.184).

Bridgman himself subsequently acknowledged that purTe}):
Operational definitions of different concepts were incomple.te: i1
Were to write all this again 1 would try to emphgsme the
Mportance of both mental and pencil-and-paper operations. One
of the most important mental operations is the verbal operation. It
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plays a much greater part that I suggested previously..,"([36]
p.184). | T

We note in ihis connection that aii physicai quantities sy, N
momentum, energy, and so on have a precise meaning only
whithin the framework of a particular theory (Newtoniay,
mechanics, theory of relativity, quantum mechanics ), but SOme
quantities are more fundamental than theories. This is why th,
concepts of momentum and energy survived (with modificationg

when Newtonian mechanics was replaced by relativity ang
quaniuin mechanics.

30



Chapter 2

particles versus waves

Three blind men encounter an elephant for the
first time.

He is like a wall - says one

"No, be is like a column" - says another.

"You are both wrong" - says the third -

"he is like a rope".

2.1 Distinction beiween particies and waves

There are two forms of physical reality: substance and field.
Substance consists of individual particles of enormously small
size, namely, electrons, protons, neutrons, etc. F ield, on the other
hand, is distributed in all space.

Excited states of the field propagate in space in the form of
waves. Waves on a corn field, driven by wind, are a clear example
of this. Although the waves constantly travel in the same direction,
the corn ears themselves do not take part in net translational
motion because they are attached to the ground.

Waves play a major part in physics. For example, sound
waves propagate in air. Electromagnetic waves with wavelengths
between a meter and a kilometer are known as radio waves,
whereas visible light has wavelengths of the order of 10™*cm.

We note that fields exist even when waves are absent. A
particular physical field can be determined by specifying it at ali
points in space. For example, sound is the excited state of a

ressure field p(x,y,z).

The fundamental conflict between the concepts of particle and
wave disappears in quantum mechanics. To comprehend this, we
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must first examine th

_ €se concepts whithin the frame
classi 3 Y

ncal p{lysics in which they cannot be combined.
‘ \,onS}qer1particies first. Pariicies typ‘icaiiy OCCupy a negiigip,
volume, 1.¢. iney are practically point objects (Fig.7).
' “H.owe'ver, their more important property is that they g
Indivisibie. A liter of water can be readily divided into two parts
with 1dentical properties. However, a molecule of water cannot be
divided into two parts simply by tilting a glass: a much more
powerful means of division is necessary to achieve this end, e. g
electrolysis. The main point is that the division of a moiecule of
water does not result in two half molecules of water, but in the
atoms of two new materials, namely, oxygen and hydrogen.

A further important property of classical

......... particles 1s their

A WA

individual identity. We can always label each particle and follow
its individual fate.

ork of

Ap(x)

|
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A distribution of the density of matter in classical particle [ p(x) -
density of maiier, Ax- particle size]. For the sake of simplicity, the
particle is to be one-dimensional

Fig 7.




|
Acoustic wave profile. Excess pressure above normal, plotted
against position x ( p, is the wave amplitude and 1 is the wave-
length which determine the frequency)
Fig 8.

‘Waves constitute the exact opposite of all this. The ideal wave
has the sinusoidal shape shown in Fig.8 and is called a harmonic
wave.

We note that measurement on a low-intensity wave always
involves some distortion of it. For example, when we tune to a
particular radio station, we use resonance to amplify specific
frequency and suppress all other frequencies. The result is a highly
distorted wave, but its intensity is high enough for the purpose.
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Interference when crests and troughs coincide: afirst wave,

b — second wave, ¢ — resultant wave

Fig 9.
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Interference when crests of one wave fall on the troughs of the
other:
a — first wave, b — second wave, ¢ — resultant wave
Fig 10.

2.2 Interference of Waves

The characteristic feature of waves is that they can not only
amplify, but also "extinguish" one another. This mutual
amplification or extinguishing of waves is called interference.

When the crests and troughs of two waves coincide (Fig.9),
they add constructively, but when the crests of one fall on the
troughs of the other (Fig.10), they
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X

Number of bullets N striking the target as a function
of distance from center of target
Fig 11. __—
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Machinegun

Firing through two slits
Fig 12.

A N(x)

vy ol 0 | X

 Number of bullets reaching the screen after two slits: 1 —
number of hits N, when slit 1 is open, 2 — number of hits N, when
slit 2 is open, 3 — number of hits Ny, when both slits are open

Fi§13.

interfere  destructively. We note that the phenomenon of
interference-especially destructive interference - is inconceivable

ralr b ol

in the case of particles. We can illustratc this by considering a
machine gun and a target.

. An armored plate, with a vertical slot cut into it, is placed
between the machine gun and the target and bullets can pass freely
through the slot. Most of the bullets hit the target center A which
lie directly opposite the center of the slot. If we take the x axis to
be horizontal and parallel to the plate, we can define a function
N(x) to represent the number N of hits at x. This function has the
bell shape shown in Fig.11.
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(Fir}\i(gv ????Se that two closely spaced slots are cut in the plage
. o0 1 WE cover slot 2, the number of hits will be describeg
Oy the Ttunction W,(x), shown in Fig.13. On the other hand, if v,
Coyer slot 1, the number of hits will be described by a similar, but
shifted, curve N, (x). When both slots are open, the number of hii
Ni,(x) is obviously equal to the sum of N, and N,:

N12=NI+A’2 (2.1)

We note that the resultant curve N,,(x) lies above each of the
individual curves N,(x) and N,(x). In other words, by opening a
further slit we can only increase the number of hits at each point
on the target.

A totally different situation occurs in the case of waves.
Consider an experiment that is the analog of the experiment
described above, but uses water instead of bullets. The target is
now replaced by a vertical wall and the plane of the drawing is the
surface of water in its undisturbed state. The machine gun is
replaced by a source of waves (an oscillating object). The vertical
displacement of a point on the surface of water, measured from the
undisturbed state, will be denoted by p(x).
~ Consider the case where only slot 1 is open. In contrast to the
number of bullets, N(x), the displacement p,(x) can be either

positive (crest) or negative (trough). When only the second slot is
open, the displacement is p,(x). When both slots are open, the

IR - -

i s Y 2 {f \ - a1 1 1 B "~ 5
resultant displacement p,(x) 1s the algebraic sum of the two
/7 N
) \L.A-}
T e Coloo {f N -,1 s
uantities p,{xj and p, (x) can be either positive Of

negative, we have the possibility of mutual cancellation of
displacements, i.e., destructive interference (see Fig.10).
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The energy W of the wave per unit volume is proportional to
the squarc of displacement. Omitting, for the sake of simplicity,
the proportlonallty coetticient, we can write

W, (x) Z(x) (2.3)

|
v
I A,

Condition for destructive and Constructive interference
Fig 14.

mE=E (2.4)

And the energy of the resulﬁant wave is

Pia(e) = (pi(x)+ pao)f 25)
We see, that
Wiy (x) = W (x)+ W, (x)+2pp; (2.6)
1.e.
Wra ) 2 IR (5) 7 ,(2) @.7)

Thus, in the case of waves, we add not the energies, but the
amplitudes. This gives rise to an apparent violation of the law of
conservation of energy (2.7). However, in reality, this is not so.
Indeed, what we are dealing with is the outflow of wave energy
from the volume under consideration (which can be either positive
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Or negative), so that the encrgy remaining in the chosen volume
not constant. The law of conservation of energy actually deman
that the rate of loss of energy from a given volume must be equa|
to the rate at which energy flows out of the volume ([37], P.358),
At a point M, for which the difference between its distance,

to the two slits is equal to an iniegral muliiple of the wavelength ;
(Fig.14),ie., |
M~ dM, =, @3

where n is an arbitrary integer, we have the condition

/t Wave energy

Interference of two waves
Fig 15.

)= pa(a). 29

The displacement of a floating detector when both slots are
open is twice as large as it was when only one slot was open

(Fig.9) In this case the energy of the resultant wave is greater by 2
factor of four.

On the other hand, at a point M, at which
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AM, - A My =nA+ M), (2.10)

the crests of the wave from one slot fall on the troughs of the
wave . from the other, and we have

pl(x)--—pz(x). (2.11)

This produces destructive interference (Fig.10). Such effect 1S
inconceivable in the case of particles: the addition of salt to
seawater can never convert it into fresh water.

We see that the opening of the second slot produces an
increase in the wave amplitude at some points and a reduction at
other points. When the number n in (2.8) and (2.10) runs through
all integral values between —c and +, the corresponding points

"ga.env..'.e_" ﬁ!!\ﬂ!? '6‘1@9 !!vqll DQ!*:_{".?‘B ot o :nL fa ot as-alt-atd f\"" ,/\.(_\.h:]_].f.\‘_‘;l\?t'f.‘
AU Ve cuuus tiiv  Yvall. L\\-sxuua v 11.1511 wiiwva 5] Vi vowiiiniuiviio

alternate with regions of low oscillation energy (Fig.15, which
plots the wave energy, proportional to the square of its amplitude).

2.3 Coherence

Let us consider in greater detail the interference of the two
waves

pi(x) =B sinlfoc + o) (2.12)
p,(x) = P, sin(koc +@,). (2.13)

where P, and P, are constants (the respective amplitudes of the
two waves), k=2%/ is the wave number, and ¢, and ¢, are the

phases of waves. The energy of the first wave is

W, =(p,(x))’ = B! sin’ (e +9,), (2.14)
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1 1
<W, >=5P,2 +—2-1’22 +2P,P, < sin(loc + @, )sin(lc + ;) >. (2.19)

Since
| N ... 7 N ]_ s "
sinlkx + @, )sinlkx + ¢, ) = -2-cos((p, ~0;)
1
- Ecos(ka +0,+0,), (2.20)
we have
. o L1, :
< sinlfor + @, )sin{lx + @, ) >= é cos(p, — ;) (2.21)
Consequently,
1 -, 1 _
Wiy >=2 B 4P} + P, coslpy =) (2.22)

The term containing cos(p, —¢,) describes interference. In
particular, when P, = B, and cos(p, —¢,)=-1, the two waves cancel
one another out.

Since light is an electromagnetic wave, illumination by two
electric lamps theoretically can produce either an increase or a
reduction in intensity at certain points in space. In practice, this is
not observed because each atom in the filaments of the lamps
emits a photon within a very short interval of time, so that the
phase difference ¢, -, is a rapidly-varying random function of
time. We thus obscrve the average value of cos(g, - @,) which is

zero, i.e., the interference term disappears from (2.19) and there is
no interference.
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.Usuz.illy the wave length 1 is small in comparison with th,
lypl.cal linear dimensions of the apparatus, so that sin’(kx+¢) is 5
rapidly oscillating function. In a measurement, we always average
X Over a certain interval Ax which is small in comparison wit,
macroscopic dimensions, but is large in comparison with (he
wavelength 4.

The average of the energy over Ax has a physical meaning;
<W, >= Pt <sin*{loc+ @) >, (2.15)

17

we know from trigonometry that
sin® (Joc + ¢1)=;1’--%co.s[2(kx+¢l )] (2.16)

and if we note that

< cos[2{kox + ¢)]>=0,

we obtain

<W,>==P?. 2.17)

Similarly
<W, >=.§.pz2 (2.18)

Combining these results, we obtain



- Waves for which there is a strict relation between ¢, ang 0,

are called coherent. We thus see that interference is observed only
for coherent waves. In this sense, incoherent waves behave like
particles.

L0 %
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Chapter 3

Discreteness

A man heing out of breath asks a station man
on duty: "Has the train for Moscow left yet?
"Yes, just a minute ago. You can still see its
tail". "I have done right to run so quickly. If I

had not donc it, I should be late still more".

3.1 Light quanta

Quantum mechanics was born when Planck discovered minute

mnartrinlac AfiWE 1 & whao § £. A that 1
paricils O «gdy, 1.8, Wialh € 10und wias the eneigy of hght wave

cannot be indefinitely small, but consisted of indivisible portions
(quanta) given by

£ =ho, (3.1)

where nis Planck’s constant (h =1.055x107% erg-s) and w is the

wave frequency. (We note that, in early works, it was common to
use the quantities h=2zh and v = %ﬂ. The formula given by (3.1)

then took the form
| E =hv. (3.2)

" .The energy of a beam of light emerging from a particular
point is not distributed continuously in the entire expanding
volume, but consists of finite number... of indivisible quanta of
energy that are absorbed or emitted only as complete quanta” [3 8].

The law expressed by (3.1) is true for any wave process.
"Wherever it occurs in nature, the energy of a sinusoidal
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ss of frequency Vv always assumes values that are
diate values of the energy o

f hv. Interme ; )
5O es are not found in nature ([17], ol

oscillatory proce
integral multlple
sinusoidal oscillatory process

equality (3.1) to derive the

- 1
rmRr o NVITITR RO -
18 Wave liuiuuct :!C.

4,p. 58). |
pEinstein and de Broglie used the

p=Hk. | (3.3)

The Planck's law (3.1) and the Einsiein-ge Broglie relation
show that each particle of energy & and momentum

«Tro f\p R‘ MO NXT

P is also a wave ol requlncy
w= & (3 A
_ /}l (3.4)
and wavelength
—27h
A= (3.5

. N 1 l ‘Va V¢ s ‘!IS- n ears ]”
quantum mechanics.

3.2 Energy levels of atom ‘

e

L. de Brogli :
assuming t}f;’tggieexpiamed energy levels of an atom of hydrogen
up on the circle of ng‘ pumber of electron wave lengths 4 packs
radius r ;Iong which the electron moves:
Equating centr i, 3.6)
nonrelativis;ic tfugal foree to the attraction fi : the
ic electron and nucleus n force between

\

? This w
. 2> Was one of earli
In atom move rier works ,
s along a defin; on quanty .
efini : m mecha
'€ trajectory. nics when there was assumed that electro
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muz 82

=£ (3.7)

’
r2

r

and using the relations (3.5), we find, that the total electron energy

2 2
E="rmm, (38)
-
equals to
N
E,=——0 3.9
2r°n” (3.9)

We see that the electron energy cannot be arbitrary. It takes a
set of discrete values, which correspond to n=12.. 1o formula
(3.9). Negative values of energy mean that the electron is in a
bounded state.

3.3 Discreteness versus continuity

Physical thinking was based on the supposition about
continuity of all causal relations, since the creation of the analysis
of infinitesimal quantities by Newton and Leibnitz. Therefore
discreteness of quantum theory gave rise confusion among some
physicists. Even creator of quantum mechanic Schrédinger said:
"If we intend to preserve these damned quantum jumps, 1 feel
sorry that I dealt with quantum theory"([39]).

Meanwhile the principle of continuity arose only after
Newton. This principle was never stated explicitly but was often
assumed tacitly.

However, discretc values are encountered not only in quantum
mechanics but in classical physics also. For example, a string can
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sustain oscillations not with arbitrary but only with the discrete ey
of frequency: w, 2w, 3w,...ctc., where @ is the basic frequency
This fact was revealed by Pythagoras. He decided lhai
fundamental physical quantities are integral numbers. T
conception contradicts the continuity principle.

E‘IM‘ -—.! «r‘-'nnv'sb

1 . - b k7
rurther, the hegemony of integral mum

o #7°CY G
Cilo vwao

4

=
g Uh

geometry: fundamental physical objects are simple and perfect,
There are five regular polyhedrons: tetrahedron, cube, octahedron
dodecahedron and icosahedron.

- -
Proceeding from this

GV ¥ 18 S
A dud‘\:

idea, Kepler revealed the
"cosmographical mystery" [40], [41]: cube inscribed in the sphere
with Saturn's orbit, is circumscribed over Jupiter's sphere.
Tetrahcdron inscribed in the Jupiter's sphere is circumscribed over
Mars' sphere, Dodecahedron inscribed in the Mars' sphere is
circumscribed over the Earth's sphere. Icosahedron inscribed in

| En-—ﬂn" P} 11 o 10 ATroTITYVIO AT MNXTor \7 ' P=3
the Al il o op 1SIC 1S uu'udxuouzxued Uvel the ¥ £NUs Sph-.,re. Aﬂd

finally,” octahedron inscribed in the Venus' sphere, is
circumscribed over the Mercury's sphere.

Now "cosmographical mystery" of Kepler is forgotten because
it is based on old philosophy: the relative distance of planets from
the Sun are discrete. |

There are jumps in classical physics also. For example, water
cannot be transformed continuously into steam. There is 1o
halfwater-halfsteam. When temperature arises above 100°C water
"jumps" into steam. ‘

We see that discretencss is not a monopoly of quantul
mechanics. It exists in classical physics also. Discrete quantities of

quantum mechanics are in conflict not with common sense but
only with the idolization of the continuity principle.



Chapter 4

Uncertainty relations

© "After this Shendrikov's time came.

"Where do you serve?" an inspector addressed
to him. -

"] am an examiner in a local post. I was
serving during twenty one years, Y our Honour.
Now information was demanded for
presentation me fto the rank of coliegiate
registrar. For this purpose 1 dare to undergo to
the examination for the first class rank”...

Geography teacher "settled back and asked

hiswy 1AM/ all carr sn what 16 o AAVOrRITO 1T
111111 VY Llleas 0(‘] 1k yyiiayw o « 6\.’ Y Wi l.].l..Ll& 14

"
Turkey?
0Ts S~ wzrm1l | A T?-._—!,-';.ﬂlﬁ. o "
J1 1S WO fiiUWike.e £3 1 UINRLO1L Vidbee.

"Hm!... It is an uncertain notion".

Anton Chehov. Examination for a rank

4.1 Uncertainty relations in classical physics

A further difference between a wave and a particle is that a
harmonic wave extends to infinity, whereas a particle is localized
within an infinitesimal portion of space Ax. However, this
difference is unimportant because it is shown in the theory of
Fourier integrals that any function that vanishes outside a finite
interval Ax can be represented by a superposition (sum) of an
infinite number of sinusoids with different wavelength 4 and
different amplitude. The wave amplitudes in this sum usually
decrease rapidly with increasing difference between A and some

average wavelength 4,. It can be said that the superposition of
waves results in the wavelength 1 being confined to the
neighborhood of 4, defined by
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Ao—-—z-szsxw—z—— (41

where A4 may be looked upon as the uncertainty in
wavclength.

The resolution of sunlight into harmenic waves 1s performeq
in practice by, for example, a glass prism. White sunlight thy;
resolved into a rainbow of colors, namely, red, orange, vellow,
green, blue, blue-violet, and violet. "There were numerous
discussions in the nineteenth century about whether the
monochromatic components of white light were there in the first
place, i.e., in the incident beam, or whether the

Py

NS
\/0 t

T

Harmonic wave at a fixed (point x at different time t:
a ; T -
P = By sin\ot + A)

Excess of pressure above normal, Fy- amplitude, T — period
Fig 16.

et

components were produced by the prism. The question did not
rececive a satisfactory answer. In the final analysis, the most
cautious position was: the monochromatic components are presen!
in the incident light in a virtual, i.e., a potential state". ([42], 171)

Let us now return to the harmonic wave and introduce the
wave number k,
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=7 (42)

The uncertamty AZA then corresponds to the following
uncertainty in the wave vector

Ak:z’;?’“.

It will be shown in Sec.4.3, that the two uncertainties Ax and
Ak are linked by uncertainty relation

AxAk ~1. (4.3)

In our discussion above, we considered a wave at different

nmnfe xin space at mvan time t. We can also concider a wave at a

ﬁxed point x at a dltterent time ¢ (Fig.16). The wavelength A is
replaced by the oscillation period T, whereas the wave vector & is
replaced by the frequency w:

Ionosphere

Earth

Radio-wave propagation
Fig 17.
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Ionosphere

[ AR\

Propagation of TV waves

Fig 18.
0=277. ‘ (4.4)

In terms of these new quantities, the uncertainty reation
becomes '

AwAt =~ 1. (4.5)

We emphasize that the laws (4.3) and (4.5) have nothing to do
with quantum mechanics. They are applied to wave processes in
classical physics. ([43], p.54; [44], p.191; [45] and [46])

The uncertainty relation given by (4.5) is encountered in
connection with television. For example, one can ask why in many
towns there are television towers but there are no radio towers!
The answer is that radio transmission can be received from
stations thousands of kilometers away whereas televisiof
transmissions come from neighborhood TV centers. This is &
because radio waves have wavelengths ranging
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- TV Source
NS
@/' FEarth /

/ Limit of reception \

Region of TV reception
Fig 19.

from dozens of meters to several kilometers. They are reflected
from the ionosphere and can therefore propagate to any point on
the Earth's surface (Fig.17).

T.V. transmissions, on the other hand, employ ultra-short
waves, whose wavclengths arc of the order of a meter. Such short
waves pass freely through the ionosphere (Fig.18), so that TV sets
receive only transmissions from TV stations in their direct line of
sight (Fig.19). We then ask again: why is it that TV transmissions
cannot be made at longer wavelengths? The answer is that, when
compared with the acoustic information carried by radio
transmission, the rate of transmission of information for a TV set
is enormous. The screen has a very large number of points, so that
to ensure that the successive frames are received not as blips on
the screen, but as a moving image, the entire picture must be
changed completely at the rate of 24 per second. The duration At
of each signal is therefore very short and it is clear from the
uncertainty relation given by (4.5) that Aw is then very large.

On the other hand, the TV receiver can cope with extremely
weak signals. This is possible only because the natural frequency
w, of the television circuit is equal to the frequency @ of the

transmitting station (resonance):
7y = (4.6)
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This is possible if Aw << 0,

be |a which means that, since A, my
o 1rge, @ .m.ust be largc too. Since the electromagnctisé
clength 1 is inversely proportional to frequency, i.e.
<l
A A) (4.7)

the wavelength transmitted by the TV station must be sufﬁciently
short.

The uncertainty relation given by (4.3) also makes it
appearance in the case of the brass band. Anyone who has seen g
marching band will have noticed the "social inequality” of these
peopie: the flautist carries a small instrument, but the tuba player
has a large one. Why is it that the bass tuba cannot be made
smaller? Low frequency (bass) sound corresponds to a large 4, i.e.
small k and Ak. The uncertainty principle (4.3) then shows that the
corresponding Ax (the size of the tube) must be sufficiently large.

The fundamental diffcrence between classical waves and
particles is that, in classical physics, waves are indefinitely
divisible, i.e. there are no wave "atoms". Any classical waves,
however small its amplitude, can be divided into two waves of
cven smaller amplitude.

In contrast to particles, classical waves are indistinguishable.
For example, suppose that at the initial time #, the amplitude of

the wave in water at a point 4 is 1 cm, whereas at a point B it is 3
cm. If at some subsequent time # the wave amplitude at 4

becomes 3cm, we can say that the wave has travelled from B to 4-
Equally so, we are entitled to say that the waves have remained i0
place, but the wave amplitude at point 4 has increased.
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4.2 Uncertainty relations in quantum mechanics
We can deduce the Heisenberg uncertainty relations (the
uncertainty relations in quantum mechanics) by multiplying the

uncertainty relations (4.3) and (4.5) by #, and then, using (3.1)
and (3.3), we obtain ({45]):

ApAx ~ i - (4.8)

AE At

-
ot
L]

(49)

We shall not pause to consider the difficulties associated with
the interpretation of the energy-time uncertainty relation (4.9)
([471;[48], p.103; [49]; [163]) and confine ourseives to iwo
limiting cases of (4.8):

1N An =0 i1 which o S §
(1) Ap=0, in which case Ar=c; this is a wave. It

XAy ag 2 deﬁnife

JAGAL &8 NS iiazravu

momentum, but occupies all space. We mnote that this case
corresponds to an electron with definite velocity.

U=%' | - (4.10)

and therefore specific energy

2

~

|

£ = (4.11)

N2

m

(we limit ourselves to the nonrelativistic energies).
(2) Ax=0, in which case Ap =x; this is a particle. The particle lies
at a particular point in space, but its momentum 18 complet.ely
undetermined. This means that, according to quantum mechanics,
the particle cannot be at rest.

We now turn to a more realistic situation in which Ax is
different from zero, but is very small. For example, consider an
electron in an atom. We then have
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szlo_ggm R (4.12)

and

Apzz&x. | Gl | (4.13)

The uncertainty in velocity is more illustrative in this case

Au=Ap/. (4.14)
/7 M
P . =27 ~ 1027
Substituting in (4.13) and (4.14) 2~10""erg-s, m~10""g ., we
obtain for an electron in an atom
A =1000 km/s. (4.15)

We thus see that the velocity of an atomic electron is a random
quantity ranging between 0 and 1000 km/s (values of » much
greater than 1000 km/s therefore have low probability).

Thus, if the electron is to fit into the volume of the atom, ifs
velocity must be random and its typical value must exceed the
velocity of a bullet by a factor of at least a thousand!

We note that a quantum object is a single entity that in one
limiting case Ax=0 behaves like a particle and in the other
limiting case (Ak=0) behaves like a wave. However, in general
(Ax#0,Ak #0) the quantum object has the properties of both
particles and waves.

The following thought experiment provides a very clear
illustration of the Heisenberg uncertainty relations given by (4.8)
and (4.9). To determine the position of an electron under 2
"microscope"”, we have to illuminate it. Since light is a wave, the

uncertainty Ax in the position of the electron is of the order of the
wavelength of light 2

Ar=~4 . (4.16)
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If we reduce A indefinitely, we increase without limit the
precision with which the position of the electron is determined.
However, the quantum of light - the photon - is also a particle with

momentum giyen by (3.3). When an electron collides with a
photon, it receives the additional momentum

Apzhl. : (4.17)

By comparing (4.16) with (4.17), we obtain the Heisenberg
relation (4.8). In other words, the more accurately we measure
position, the more we disturb the original momentum. To put it
anoither way, position and nomentum Canjiol be mecasured
simultaneously with absolute precision.

The above thought experiment serves as an illustration, but 1s
not a proof. ({501, p21). It is only examine for theory.
Paraphrasing Spinoza, we may say that lack of skili to measure is
not a proof.

The Heisenberg relations are not a conclusion drawn from the
thought experiment but rather a mathematical theorem ([51]).

The above discussion does not therefore entirely remove the
basic possibility that the position and momentum of an electron
could be measured accurately by some other method. Moreover,
many physical quantities have been obtained not by direct
measurement, but by numerical calculation. For example, the
temperature at the center of the Sun was determined not with a
thermometer or a bolometer, but by computer calcuiation.

There are many examples in the history of physics in which a
radical improvement in measurement technique resulted in the
observation of fundamentally unobservable objects. For instance,
prior to creation of X-ray microstructure analysis 1t was considered
that an individual atom could not be observed. Here are a few
lines from a letter written by E.S. Fedorov, the father of
crystatlography, to N. A. Morozov in 1912: "Decar Nikolai
Aleksandrovich: You end your letter by saying that no man will
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z:; }Slez an atom. But you wrote this more or less at a time Wwhen
ad already seen the atom with his own eyes.; if not th
atoms themselves, then photographic images of them, certainlyi
(152], p.59). We can now see the atoms in crystals as the regularly
distributed spots on an X-ray diffraction patterns.

A ACAIAVRAO g 1 N, o #1Anmohine ic nat cn
Lilv Ldowviive \)f ine m‘;b&ﬁ.ﬂiﬂty relabiuxiaxhyo is UL 50 n}u’\‘,h

that we cannot simultaneously measure position and momentum,
but that these quantities sometimes do not have exact values. We
iliustrate this by a simple example.
iel us get ©
Moscow. In the railway station this distance pointed out as 73}
km. Tn the bus station it is another: 773 km. This uncertainty
arised not because measuring the distance between railway station,
we disturb the distance between the bus stations. It arised aiso not
‘because our measurement are nonperfect and true distance will be

% S i . .
Aatarmanad aftar naa nf Ara crrmhictinatad maeaacniring +achniana
GelermiIned afier UsSe €1 IMUITC SUDLIISULATG Lulasuiiig wivilliiiyjuy,

The reason of this uncertainty lies in the fact that dimensions of
Kharkov and Moscow are of order of some ten kilometers.
Therefore the notion "the distance between Kharkov and Moscow"
loses its sense, when it is measured with the accuracy of one
kilometer. Different methods of measuring of this distance give
different resuits.

The Heisenberg uncertainty relations is not a consequence of
the fundamental imperfection of measuring devices, but 2
mathematical theorem ([53], p.67). "It is usually said that the

.
Py o el s *Vate awrson v

s e b lat . .
iceitainty réiauion ariscs from the interactic

.
- an,- ntiyroon Larl-Av o
know the distance between Kharkov and

n hataraan the
measurer and the object being measured... The relation actually
arises at the very beginning, well before there is any question of
measurement" ([43], p-358).

The uncertainty relation for position and momentum is "2
consequence of the formalism of quantum mechanics" ([54];
p.13).

The uncertainty described by the Heisenberg relation arises
because we are attempting to measure something that has 1
definite meaning. "If you ask a silly question, you get a silly
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answer" ([55]). For example, according to the Einstein-de Broglie
relation, in a state with definite momentum p, the electron has a
precisely defined value £, i.e., it is a harmonic wave, and occupies
all space. Its coordinates then are fully undetermined,
Contrariwise, in a state with definite position coordinate 7, the
momentum of the electron does not have a definite value.

If we do measure a quantity which have a definite value in a
given state, we shall obtain a quite definite result. For instance, the
energy of a hydrogen atom is quite definite and is expressed by the
formula (3.9) in which n=1 must be put.

The quantum-mechanical unification of waves and particles is
often exploited in classical physics too, e.g., in the analysis of
wave interactions ([56], p.540, and [57]). Since quantum theory
becomes identical with classical theory in the limit as 2—0,
waves are regarded quantum mechanically as particles. The
interaction beiween particles 1s mathematically simpler to describe
than the interaction between waves. In the final formulas, Plank's
constant cancels out in this case as 7 — 0.

4.3 Proof of the classical uncertainty relation
" The relation

AxAk =1 (4.18)

can be obtained with the help of the Fourier transformation.

We confine our attention to a simple case in which the
deviation of a field (for example, pressure) from a constant value
is given by |

u(x)= ReU(x), (4.19)
Ux)=4 g’ expl—- x> (Ax)2 J; (4.20)
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W
here 4 is a complex constant. We consider the field at 3 fixeq
instant of time, which we take to be =0 .

The wave intensity at a point x is U(x)’. If the exponenty

factor exnl x* /(Ax)? l were absent from (4.20), then the way,
intensity would be the same at all points:

v (x]2 = ]Aiz = const . | (4.21)

The uncertainty in the position coordinate would then be

infinite:

The factor expl——x /(Ax)z| shows that the wave 1utensxty

aecreases with x2 and becomes infinitesimal when x >> \AX}

The wave described by (4.20) is therefore localized near the point
x=0, and the uncertainty in the position coordinate is Ax.
On the other hand, the wave can be written as a superposition

of plane waves ¢*'* with different wave number &’
U(x)= J-eik/x a(k’)dr’ (4.22)

where a{k’) is the amplitude corresponding to wave vector &’. To

"I"‘"

find a(k’), we invert the Fourier transformatmn.

4 ei/"cx exp[— xz /( Ax)z]___ Oj‘ o xa(k) )dk/ (4.23)

We know that this inversion yields

a(k’ =~£1-£ i I‘)x A"dr (4'24)



which 1s feadily evaluated:

Al——expli_w:‘ I (4.25)

T
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\/ i

Potential energy of an a-particie in the field of a nucleus
| Fig 20.

where

Ak =k"—k.

We thus see that the wave intensity decreases with increasing
Ak and becomes infinitesimal when (Ak): >> %Axf . Hence the

uncertainties Ak and Ax are related by

0 fao =1,

which was to be proved.
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through a potential barrier

4.4 Penetration of a particle
eus 18 accompanied by the
_48MeV> . We know

The decay of the radium
d to the nucleus by nuclear forces and
narticla and tha

emission of a -particles W1
that the a-particle s attracte (
SN ;nfornnticn (the a"yu; LICIV aliu wie

. 1+
lcd the electrﬂstauv ihiCiav

is GCCuvu b:y' ul

nucleus being both positively charged)- . |
Nuclear forces are much stronget than electrical ones, but their

. 13
range of action is much shorter, i.e., of the order of 107~ cm. For

3 - P d -r". l .{\
Ciil, thC u,pfiuiCLCio auwrav

whereas for r>>10">cm it is repelled. The potential energy of the

on of the

- .narticle as a function e distance

(%7 y“LbLULU [
of the form shown in Fig.20. The height of the potential barrier is

of the order of 30 MeV. According to classical mechanics, a 4.8-
MeV particle cannot cross a potential barrier of this height, since
the kinetic energy inside the bairier would then be negative, which
is impossible.Penetration of particles through potential barrier
contains no contradiction from the point of view of quantum

mechanics. Indeed, kinetic energy of particle K is determined by
1ts momentum

I‘:r\"r\“ha\ﬂ - 41()-1
QistaiiCces <1\

distance » from the nucleus is thus

Al WAL

2
P
k (4.26)

“2m

As to potential energy V(7), it is determined by coordinates. If
the pa'rtlcle has definite momentum, its coordinates, and thus .its
potential energy, is fully uncertain. Therefore ’accord‘ b t
quantum mechanics, particles can penetrate potenti,al barriermg O

* MeV is the abbreviation f;
ation tor muil;
fclear i r million electron volt (1.6 107y ) and i i d in
is commonly used !
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Chapter 5

Genuine versus superficial randomness

Passenger: “What chaos! There are three pairs

DL

of clocks in this station and they all show
ditferent time”. 4

Stationmaster: “What would be the sense of
having three pairs of clocks in the same station
if they all showed the samc time?”

5.1 Randomness in classical physics

The unification of the two opposites-waves and particles-is
possible because quantum mechanics describes not the
established, but the potential, state of micro-objects. In other
words, quantum mechanics contains the elements of randomness

(i.e., it is statistical in character).
Random processes are described by the theory of probability.

Before we consider such processes in quantum mechanics, we
examine the more usual question of randomness in classical
physics. We shall place particular emphasis on questions that are
of special relevance to quantum mechanics, but are usually

inadequately explored.
The possibility of a random event 4 is characterized by the

probability p(4) defined in the following way. When the total
number N of trial is sufficiently large (more precisely, when
N — ), the ratio of the number of trials M in which 4 occurs to
the total number of trials is given by

pl)=5- (5.1)
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For example, Suppose a factory has produced 10.000 ragj,
components (N=10000) and 300 of them are rejected as faulty
(M=300). The probability of a faulty component is then

7300

p 1 hnnn
JQVAVIVAY)

=0.03. (5.2)

It may be expected that a batch of 20000 components will then
contain 600 faulty ones.

1 3 enreconte
If in a certain problem all events can be represente

combination of equally possible events, then the probabili
calculated theoretically. The probability of an event A wil

f.
o
<

2

<
go
5 B
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P(4)=—, | (5.3)

where n is the total number of equally possible events and m is
the number of equally possible events in which 4 occurs.

For example, let us determine the probability that by throwing
dice we obtain at least 5. We then have n=6 (the dice has six
faces) and m=2 (the acceptable outcomes are 5 or 6). Hence

(5.4)

Similarly, the probability of getting a head in a coin tossing

We note two special cases of (5.3). The first is the impossible
event m=0 in which case p=0; the second is m=n (certainty) fof
which p=1. In general



O0<m<n (5_5)
1.C.
0<p<i (5.6)

Thus, the probability of any event is nonnegative and does not
exceed unity. This necessary condition is not satisfied by Wigner's
hidden variables model (Section 9.7) in which certain values of
hidden parameters have ncgative probability.

We have already discussed the probability of different events,
but there were only two possibilities: the event either took place or
it did hot.

We now turn to the probability of different vaiues of a
continuous variable, i.e.,, a quantity that can assume an infinite
number of values. For example, let us consider the coordinates x
of a point reached by an electron. We can define the probability
density f(x) such that f(x)dx is the probability that the electron
will fall into the interval [x,x+dx]. We note that the probability
density can exceed unity, but cannot be negative.

Similarly, we can introduce a probability density in three-
dimensional space: f(F)dF is the probability that a particle found
near the point 7 will be in an infinitesimal volume 7.

We emphasize that the probability density f(7) is an objective
characteristic of the classical particle, but is not a field. It
describes the potential possibility that the particle will be found in
a particular part of space, but the probability 1s not a form of
matter, ‘

The probability density contains t as a parameter. The time
rate of change of the probability density is given by the transport
€quation

o (7.1) = Kf(7.1), 5.7)
ct
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thhe:re K 18 an operator. For example, if K is the Laplace Operatoy
¢ transport equation takes the form

o _of T
o Ox> 6y2+622 53

We emphasize that transport equation (5. 7) describes g
objective process that is independent of the state of oy
knowledge.

We note that the transport equation is a determinate equation,
i.e., nonrandom, although it describes the evolution of a random

nnnnnnn Y L:" Pyl b Lara Y ﬁﬁﬂlf\‘““’\ﬂﬂ :N L t\
pProcess.  1nis iS SO because randomness is ta& aosence of

regularity. On the other hand, mathematics is concerned wit
regularities and can operate with random variables only
svmbolically. For example, Y=2X. To obtain a result that could be
compared with experiment, we must translate randomness into a
deterministic language. A random event is then described by a
deterministic number, i.e., its probability. A randem quantity, on
the other hand, is described by a determinate function, namely, the
probability density. The evolution of a random variable is then
described by a deterministic equauon, ie., the transport equation,
given by (5.7). | -

We now turn to the description of two particles. We begin
with determinate particles, i.e., with the case where the
coordinates 7 and 7 are known precisely. When the particles do

not mteract, each of them travels independently in the same three-
dimensional space.
On the other hand, if the pamcles do interact, then knowledgt

of the three-dimensional vector # will not be enough to enable ¥
to determine the motion of the particle 1: we must also know th
position # of the other particle. Hence the state of two interactifé
particles is described by the vector (x,y,z,x,,y,,2,) it 5%
dimensional space. This space is just a real as the familiar thre¢”
dimensional space.



Next, consider two particles with random coordinates. If the
articles are mutually independent, the state of each of them is
described by the probability density f(7)= f(x.y.z). On the other
pand, if the probability of finding the particle in a certain volume
depends on the position of the other particle, the probability
density depends not on three but on six coordinates, ie,
(x,, %1210 %2 y,.2,). This is the "multidimensional coordinate space"”
which Fock associated with "real physical space” (cf.
Introduction).
In the discussion given bcl ;amine complex
events. Let us suppose that, in an event C, at least one of two
events A and B takes place. This complex event is called the sum

Lo S N g vy

of the two simple events and is denoted by
C =A+B (5.9)

It is shown in probability theory that incompatible’ events
satisfy the following law of composition of probabilities:

p(4+B)= p(4)+ p(B) (5.10)

Let us now consider two types of randomness in classical
physics. The fundamental laws of classical physics are
determinate in character and randomness OCCurs for two reasons.

The first reason is: uncontrollable interaction, (including
uncontrollable initial state). If we 10ss & coin, we get heads in
some cases and tails in other cases. Here randomness arises
because we give the coin different initial translational and angular
velocities in each case.

The second reason is: hidden parameters. There is a certain
probability that a particular person 1s color blind. There is nothing
random about this: the retina simply has a congenital defect; the

* Two events are incompatible if occurrence of one excludes the occurrence of the other.
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parent. However, the defect is hiddey |

. idden regularity. |

mness is actually 2 hidden regu. |

frorr'lnlis angut:siiroaxf d0i5° “how can W€ distinguish  betweey
e : ‘

uncontrollable interaction and hidden parameters? The answer wi]|
depend on the outcome of repeated trials. .

. s and calact tho
n nuumher r\f coins ang svavie iy

Ifwetoss a Ceﬁahn nuiiivesr v . . ;
i chosen coins will produce a

s, it epeated tossing of the .
tailay iR 8 =P p btain heads or tails.
ho are color biind and perform

similarly random result, i.e., we again 0
However, it we select people W . m
le we will acain

1 : 1 con oot of neon -
the examination again on the chosen set of people, We ¥ oain

find that they are all color blind. | o o
There are two approaches to probability: objective and

subjective. The former was discussed above: the probability 1s the
fraction of events in which we are interestcd among the iofal
number of events.

= - + . v
A a ha hia a annrnarh ic minite coammnn and
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concerned with "our degree of confidence". If this approach were
to be correct, probability would only be used in logic, but not in
physics in which we deal with objective processes that do not
depend on whether the observer is confident about them or not.

randomness 18 merely ap

5.2 Conditional prebability

The concept of conditional probability plays an important part

1 11 TinAarcfandin £ .
u'l o N Mmitanih .
Our unaer Smuuxub Ul {uanwam meCha; iCs. "X'fe Shaﬂ ﬂlustrate

this by considering again the example of a component in a radio
set.

.Suppose that the reject probabili
d§331gn i1s not 0.03, but 0.01.
distinguish between tw

ility for components of a new
It s then clear that we have 10
O probabilities, namely, unconditional

probability (p=0 03) and conditi
0z ' | tional ili =
conditional probability is relevant undef f:(;]itazal?;;lty (P 0.01)'. Th?
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components, when 0.01-such fraction among components of new
design.

The concept of conditional probability is often used as the
basis for the subjective approach to probability, regarded as

measure of our confidence. If we do not know the design of the
radic components, then the supporters of the subjective approach
would say that the reject probability is 0.03. On the other hand, if
we know that we are dealing with a component of new design, the
reject probability falls to 0.01. However, our knowledge is of little
significance. Different probabilities were obtained not because we
knew or did not know, but because we considered difterent scts of
radio components ([58], p.10). In the above example, in the first
case the batch consisted of components of different design, both
oid and new, whereas in ihe second case we had components of
new design alone.

Despite the fact that the probability 1s an ohiective
characteristic of the event, its dependence on the prevailing
conditions introduces a subjective element into this concept, ie.,
the selection of events satisfying particular conditions depends on
the person making the selection.

"It was once decided to determine the average size of a family
by asking people how many children their parents had. It is clear
that this could not yield a true average because childless families
were automatically excluded" ([43], p.355).

It is essential in each particular case to analyze the conditions
under which the probabilities are obtained. Probabilities can
depend on the prevailing conditions, on position, and on time. In
the example of radio components, the reject probability can
depend not only on the design, but also on other and often
unexpected conditions. It may be found that the reject probability
for components manufactured in Moscow and Kharkov is

different. It may also be different for components manufactured at
the end and at the beginning of a week.
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We : . : :
robabil; 10w turn to the delicate question of reduction of
prooa tity, which is important for the understanding of quantum’
mechanics.
Let us consider coin tossing again. The experiment is carrie
out in three different stages: | i

1. The coin has not been tossed; the probability of getting the.
tailis ¥ ; |

2. The coin has been tossed; the result is the tail, but we have
not looked at the coin and therefore believe that the probability of
the tail is ;/2 as betore;

3. We have seen that the result is the tail; we can now usefully
exploit this information to improve our knowledge of the state of
the coin, since we are now sure that we have the tail and therefore
the probability of this event has become equal to unity.

The transition from the second to the third stages, i.e., the
transition from a definite, but unknown, state to a known state can
be referred to by analogy with quantum mechanics as a reduction
of probability. (e

The reduction of probability does not correspond to any
objective process: it is a purely logical operation whereby we
cross out probability and replace it with certainty,

Because of the reduction of probability we can say that "thert
are ev.ents‘. in the physical world that cannot be regarded
occurring 1n space and time" ([59], p.276).

Thls. also happens in the case of the rcduction of a wav
packet in quantum mechanics (see sec.6.4). However, becaus®
quanturr}-mecha{lical concepts are complex and unfamihar, thi*
PIocess 1s sometimes treated in a mystical spirit.



5.3  Probabilistic interpretation of quantum mechanics

"Even if an z}tomic gbject is under fixed external conditions
the result of its interaction with an instrument is ot in generai
unambiguous. This result cannot be foretold for certain using

. ratinna +
Arouvin bserva 0 matiar haus y ,
revious GOSCIVauons no matter how they were exact. Only the

probability of the resuit is definite. The most complete expression
of the results of a series of measurements is not the accurate value

of the measured quantity, but the probability distribution obtained
forit" ({11], p.467).

Randomness does occur in classical physics, but in quantum
mechanics it has a totally different status: "Whilst all the great
classical minds from Laplace to Poincare have always proclaimed
that naturai phcnomena are always dctcrminatc and that
probability, when it is introduced into scientific theories is a
consequence of our lack of knowledge or our inability to
understand the entire complexity of determinate phenomena, the
situation in the currently accepted interpretation of quantum
physics is that we are dealing with "pure probability", that does
not appear to be a consequence of hidden determinism. In classical
theories such as the kinetic theory of gases, probabilistic laws
have regarded as a consequence of our lack of knowledge of the
completely determinate, but disordered and complicated, motions
of countless molecules of a gas: if we knew the positions and
velocities of all the molecules then, in principle we could predict

precisely the evolution of a gas. However, in practice, we do not
know these hidden parameters and have to introduce probabili.ties.
The pure probabilistic interpretation of wave mechanics rejects
this interpretation of probabilistic laws" ([60], p.25).

The probabilistic laws of quantum mechanics are not due to
our ignorance about some hidden parameters: there are in fact no
Such parameters (see sec. 12.3). Randomness 1n quantum
Mechanics is one of its postulates. "... the concept of probability 1s

4 primary concept in quantum physics in which it plays a
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glmdg.men.tal role. The quantum-mechanical concept of the state
fLobiect s closely related to it" ([11], p.468).

The- notion of probability is revival of a notion of possibiliy,
(potentia) in the Aristotle's philosophy: "... it is in some sense
Fran’sformation of old notion "potentia” from a qualitative notjo,

Snta avitabonds (s A ilad Aserncar;
into quantitative one" {{61], p.24). More detaiied Giscussion abey

this see in ([62]; [166)).

The state of a quantum object is characterized by its wave
function w(7) which is not a determinate field, but a probability
field. The probability dw of finding a particle near a point x, y,;

in an infinitesimal parallelepiped with edges dx,dy.dz is

L laS Ve 2 bl : s ar e My 1‘ + f +1\ 3
oroportional not to the function y{x,y,z) but to the square of it
modulus
IO S g 0 2 (511
u.'l’—l?'\./‘\v’)’,&ﬁ u«‘b“j‘w&; \JcLL}

In this discussion, we are treating the micro-object as @
particle. To emphasize that the micro-object has wave properties
as well, the function y is cften referred to as the wave function.

"... the wave function of a particle describes the possibility of
a subsequent observation" ([4], p.45).

For example, when an electron is in a state with a particular
momentum 7, it is described by the following wave function (i
the coordinate representation):

wzexp(%i), ' (5.1

- The momentum of the electron is precisely determined and B
equal to thc vector p. On the other hand, the coordinates art
completely indeterminate and can have any value with fiqgﬂ
probability. The wave function (5.12) describes spatially infi™"
wave that has the same intensity at all points in space.



On the other hand, in a state with particular position vector 7,
the electron 1 described by the wave function.

v=060F-%) (5.13)

The position of the electron is then determined precisely and 1s
given by the vector 7 but its momentum is then totally
undetermined and can assume any value with equal probability.

We now return to the unperturbed electron in the hydrogen
atom. Its state is described by a wave function, which in terms of

the polar coordinates 7,9, is

| 1 o
v(9.0)= " expl-1//) (5.14)
va ]
where a is the Bohr radius, given by

_H
a /né (5.15)

The wave function (5.14) is independent of ¢ and ¢, which
means hat we are dealing with an isotropic situation. In this state,
the coordinates of the electron are indeterminate.

The probability dw that the electron is in a cell

(r.r ++dr) (3,9 + a3 (w0 + dp) 1s

dw = |WIZ rt sin 9drd9dp = ._I.S_exp(:;i}rz sin9drdSdep  (5.16)
ma

The magnitude of the momentum in the state described by
(5.14) is also indeterminate, but we shall not reproduce the
expression for the probability of the different values of the
momentum. As far as the energy & of the electron is concerned, 1t
1S given by the following expression in the state described by the
Wave function (5.14)
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e ET (5.1

We see, that in quantum mechanics total energy is in SOme
cases strictly determined in spite of the fact that velocity and
coordinate of pariicle are randorm. | |

"Understanding that angle of scattering is statistical, but
conservation laws are not statistical, came not at once. In 1924
Bohr, Kramers and Slater proposed the theory, in which the law of
conservation of energy and the law o i

L omim coirotimam L e ey S
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do not take place, are violated in individual acts of scattering.

] ic nhvcice anlv & :
These laws take place in macroscopic physics only due t

averaging over great number of elementary acts” ([ 63], p.162).
The evolution of the wave function in time is described bya
determinate equation similar to the transport equation given by

'L e AT

(5.7):

ov i -
—=—H 5.18) |
of h v ( )

where A is the Hamilton operator obtained from the €Xpression

for the emergy in which momentum is replaced with the
differentiation operator

. h
P==

{

S

{

(5.19)

gJ

The relation given by (5.18) is called the Schrodinger
equation.

Sometimes the question arises: what a wave function
characterizes-individual particle or cnsemble of particles? We
answer this question firstly in classical physics. Let the probability
of occurring a head in tossing a coin equals to 1/2. What this

probability characterizes: the individual coin or the ensemble of
coins? It characterizes both the individual coin and the ensemble:

12 |
P



(g4

S —

Probability 1/2 characterizes the individual coin in the sense that
the coin 1s a symmetrical one. The same probability 1/2
characterizes great number of tosses in the sense that the head

occurs in half of cases.
Analogously the wave function characterizes an individual
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particle, but the probability |y|” takes place only i

of experiments [62].

54 A speck of dust at the back of beyond

We have written randomness in classical physics to
superficial. It is truth but it is not all truth.

Classical physics is deterministic if we consider macroscopic
badies, On the other hand, the motion of microsconic particles is
deterministic only for isoiated system.

It seems the system containing many particles to be isolated
because external influence is a surface effect which may be
neglected [64]. However gravity is a volume effect. This effect is
fantastically small, but owing to the exponential instability of
microscopic particle trajectories the gravity destroys the
microisolation, while the macroisolation being conserved.
Therefore description of microparticles must be statistical even in

the frame of classical physics.
To illustrate this statement we give an example which belongs

to Borel ([65], p.125).

We consider a gas under normal conditions (thermal speed of
molecules is of order 10°m/ sec; the collision frequency v is near
10° sec”'; the ratio of mean free path / to the effective radius of
molecule equals to 10).

. Let a speck of dust with radius one micron to be placed one
billion years ago at the distance of one billion light years. Owing

o the gravitational attraction between gas molecules and the speck
the trajectories of the gas molecules will change. The problem is:
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after w '
hat elapse of time the gas molecules will totally Chang,

their '
rootion? In other words after what time interval molecy]p,

velocity vectors will tur, on angles of order 90° and thus
molecules will collid

the perturbation?

T™L LA ANy ~na. o b "1 _* P r\: $1emn
LIS answer is quite striking: the elapse oi tim

the
e not with those ones as it would be Withoy

sought f

equals to 107 sec! Therefore microscopically isolated system;
cxist almost never. This point of view while not generally
accepted was expressed by a number of authors [66]-[72].

. s J-:n.u TE Yo WL Ld\ Aregy
Turning to the proof of absence of isolation we use the law of
gravitation. The force acting on the molecule owing to attractiog

to the speck is

wAie AW

+ O

f ::)/—'ulélz . s (520)
r . ‘
Here .y is the gravitational constant,

¥ =6,7-107""'m’ / kg - sec?, s, is the speck mass, for the speck of siz
1 micron and the mass density 10°kg/m® ; g, =10 kg; p, is the
mass of the molecule, r is the distance between them.

The acceleration « experienced by the molecule equals

a=L (5.21)

During the time of free flight r between the subsequent
collisions the molecule moves the distance

Sp=v-T, (5.22)

where v 1s the mean thermal speed of the molecule.

On the other hand the molecule deflects the distancc S oWit¥
to gravitational attraction by the speck
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5 s (5.23)
The deviation angle Ap, equals

Apy == | (5.24)
SO

Substituting in the formulae (5.21)-(5.24) 7=10""sec,
v=10°m/ sec, we get fantastically small value

he collision of two balls
Fig 21.

Apy =107 (5.25)

Now we determine the increase of the deflection angle Ap due
to the collision between molecules of the gas. We treat the
molecules as elastic balls. The collision of two balls of radii a is
equivalent to the collision of zero radius ball with ball of radius
2a. We refer to the figure 21. Let O and O, be centers of the balls
land 2 respectively. We consider two trajectories of the ball 1.Let
Undisturbed trajectory be the line 0,0,. The disturbed trajectory is
the broken line 0,48. The angle between both trajectories before
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the collision i

; Apy = £40,0,. The angle Betwee
trajectorics after co| o ° " those

We o li.sion 1S Ag, = ZACO,.

e will determine the ratio A, /Ag, i.c., the increase o
deflection after one collision. We will neglect the term a relatiy,
to! (f% << 1). In the figure 21 0,0, =1 and 0,4 = 2a.

Assuming the collisions to be elastic we note that angle of fa))
equals to angle of reflection:

£0,4D = ZDAR (5.26)
Therefore

ZLO,AB =2/0,4AD | (5.27)
Now Z0,4D is an exterior angle for the tniangle G,0,4

LO.AD = Apy + £0,0,4 (5.28)

Similarly Z0,4B is the exterior angle for the triangle 0,C4:

Further from the triangle 0,0,4 we find using the theorem of
SINuses:

2a  OA4
sinAgp, sin £L0,0,4

(530

As we are interested only in the order of magnitude we may |
substitute sina by a. |
Noting that O,A~/, we have
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Then combining the formulae (5.27), (5.28), (5.29), (5.31)

- and neglecting small terms we find the ratio sought for:

Ap, |
A—;— = . (5.32)
0
In our exampie % =10, so aflcr # collision the angular spread
Ap, will increase in 10" times
Ap =Ap, 10" (5.33)

SO

A@io00 = IOIOOOA% (5.34)

The number 10'°® is a tremendous number. It outweights the
small value Agp,=10"%%®. Thus after one microsecond the

undisturbed state of the system is completely destroyed. "So the
conception of a gas mass as a single model censisting of
molecules, positions and velocities of which are strictly defined, is
a pure abstract fiction. We may approach reality nearer only by
considering a bundle of models, i.e. by diving to the initial data

some indeterminacy” ([65], p. 124).
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5.5 Zero uncertainty has zero probability in classical ki“eﬁcs
also

We saw in the preceding paragraph that isola'ted Systems
not exist in classical kinetics. It is the reason to introduce sop,

small uncertainty. .
However, besides this external reason to introduce i,
uncertainty there is an internal reason teo. Namely, without some

initial uncertainty physical system does not exhibit any law of

. « e .
hitinn Bar avamnla in ctrintly Astoarminictic cuctem haat 4
SVGiUuioIL. 01 VAGLLIP IV, 111 oux'vu_’ VIV UVALUIALIADLAY O Y JLWwill 13VGE “{)es

not flow from a hot body to the coid one.. |
Indeed, the state of a dynamical system is described by a 4.
dimensional vector x:

%= (x, %9, %y) (5.35)

If there is no initial uncertainty, vector ¥ changes erratically

with the time and there are no laws of kinetics. In other words, the
singular 1nitial distribution

fF)=6(G-%), (5.36)

which corresponds to the exactly determined initial state tends 10
nothing as ¢ —» w«, ‘

" }1} thf’ err-godic theory that is the basis of classical kinetics the
initial FilsFrlbutlon is different from zero in some initial region
I';(initial indeterminacy). '

Ip orger o avoid pathological situations in statistic
considerations (the ergodic theory) one neglects the sets of
;nea;}ilre Z€10, 1.€. one neglects isolated points in the phase spac®
N other words, one considers almost all sets in the phase space- e

formulation of ereod;
~ godic theory theore "almos!
everywhere" [73]. Ty ms there are words
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"Mathematicians who do not like the speculations in which the
expressions "almost all" and "neglecting sets of zero measure”
occur, may be objected that this is the only way to mathematical
interpretation what "as a rule” takes place in the nature" [74].

Without initial uncertainty classical mechanics is possible, but

- » > .
kinetics and thermodynamics cannot exist.
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Chapter 6

Reduction of a wave packet
‘-//f. _\
pnhr‘? Inspectorf Qchumelov crossed ¢,

. he saw the... individual..., wp,
stood therc with -his ;ight hand  raiseq
displaying a blf.:ed{ng. _xmger..l., Oc?fimeigv
recognized in this individual Khryukin,

goldsmith.
In the very middle of the crowd sat... a white,

" warallrina alono Vaoanr HanAane!
up.. " was walking along, Your Honour'

gcgm Khryukin... "and suddenly, for no reasoq
whatever, that nuisance bit my finger”... |

"H'm... well, well," said Ochumelov... 1 shan't |
leave it at this. I'il teach peopie to iet dogs mun |
about!

...And the dog must be exterminated... whose
dog is it?"

"] think it belongs to General Zhigalov", said
a voice from the crowd.

"General Zhigalov! H'm... One thing I dont
understand-how did it happen to bite you? How
could it have got at your finger?... it's a nice.
little doggie! Snap at his finger? Ha-ha-ha!"

Anton Chehov. "Khameleon'.

6.1 Catastrophe in the micro-world

The fact that th |
¢ momentum an Tt rof
cannot be measured, simul d the position of an elect

said to be surprisine. [ taneo.us.ly with great precision is oftet
can measure the Ogs._t_ owever, it is even more surprising thet W
posttion or momentum of an individual elect”
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separatcly with coarse macroscopic devices whose mass exceeds
the mass of the electron by a factor of 192

"...The macroscopic measuring device should be an unstable
system (or more precisely an almost unstable system). It is only
then that a micro-particle can change its state, and it is this change
that is a macroscopic phenomenon. A micro-particle cannot affect
an instrument in the form of a stable macroscopic system. It
cannot "displace” its "pointer" from its zero position" ([5], p.120).

In other words, a measurement performed on a micro-object

by a macroscopic device is a "catastrophe in the micro-world". Tt
is precisely such catastrophes that enable us to perform
measurements on individual micro-objects.

For example, let us consider how a Geiger counter records the
position of an eiectron. The counter is a capacitor in which the

space between the electrodes is filled

.
ro.nartinla

AgB;
e

Schematic representation of a weakly-stable state of the silver
bromide molecule
Fig 22.

with air. The voltage between the electrodes is low enough to
avoid breakdown, but high enough to accelera}e an elegtl."on to an
‘nergy that enables it to ionize the atoms of air by collision. This
feleases a number of electrons that are in turn accelerated by
electric field in the capacitor and thus produce further ionization.
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The : .
eleCt:iiSalflér; k?i grOng av.alanch'e of frec electrons. It g,
Anoth Own, Wl:llCh is readily recorded.
T example is the detection of an electron by
photo.graphxc plate. The photographic emulsion contains silve?
bromide molecules. The state of the AgBr molecule is shoy,

1 llatica}.ly' in F % ")’) .n 1\1‘-\:1\1\
c

Ses

v thha cnla Of i!'*naf

20y £~
18. L 111 wiiilii, 10T uil LARVT

have replaced the chemical bonding force by the more familiy,
gravitational one. The state of the molecule is represented by
ball rolling on the smooth surface. Gravity pulls the ball down gpg

L ]
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The potential, in which AgBr molecule finds itseif, consists of a
very shallow well and, next to it, a very deep well that correspond
to the slit of the molecule into the individual atoms of silver ang
bromine. Siiver bromide is therefore stable, but it can be spiit by
supplying to it a relatively small amount of energy. The energy

- - *
~] ad i thic nranoca 10 vanaisrad T natahharing malaciilac an
ICiCascyd in nis pPryvess s atihivou Uy aigaotniing mMmoiCTuies, u,ud

the result is a chain reaction that continues until all the molecules
in the emulsion grain have split into the individual atoms. Thus
lack grain can then be readily observed by the unaided eye.

"In the case of a photographic plate or a counter, we are
dealing with an amplifying device in which avalanc c-type
processes develop" ([54], p.6).

"Measurements" in a nuclear reactor have a somewhat
different character.. The fission of the uranium-235 nucleus
releases a tew neutrons which results in a chain reaction.

However, somc of the ncutrons are absorbed by other nuclet o
leave the reactor. The relative number of neutrons captured by
uranium-235 nuclei can be increased by exploiting the
phenomenon of resonance. When it captures a neutron, the
uranim-235 nucleus is raised to an excited state (before fissiot

takes place) with low excitation energy ¢,. According to Planck’

formula (3.1) the frequency corresponding to this energy
wy=&,/h

.
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Neutrons released in fission have high energy g>>¢ which
corresponds to a high frequencyw = ¢ g/4 >>w,). If wzoa)o the
resonance takes place and the neutrons are rapidly captured by the
uranium-235 nuclei, which in turn leads to the fission of these
nuclei. It means tl.lat ’for the chain reaction to take place a
“moderator’ must be introduced into the reactor. It is usuaily
graphite which does not absorb neutrons, but does slow them
down. Neutrons colliding with graphite nuclei lose some of their

energy €, so that the frequency @ decreases and the condition of
resonance becomes fulfiiied.

We note' that, in this .partlcular "measurement”, the "macro-
strument” is a micro-ovject, namcly, the uranium-235 nucleus.
The quantity that is being measured is the neutron energy. Since
the neutrons are located at large distances from the uranium-235
nuclens, their potential energy is zero, and their total energy is

equal to their kinetic energy

2
P
g_zM (6.1)

where M is the neutron mass.

The magnitude of the momentum p of the neutron is thus
accurately determined, so position remains undetermined. It is
precisely this uncertainty in position coordinates enables the
uranium-235 nucleus to interact with a large number neuirons at
once. ‘

In classical physics, measurement or observation do mnot
usually affect the state of the object being examined. On the
tOntrary, in quantum mechanics, measurement or obsgrvation pf a
micro-object is accompanied by the destruction of its p'revmus
Safe. For example, a Nicol prism is used to determine the
Polarization of light by allowing light to pass through it Only
those photons emerge from the prism for which the polarization
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vector %ies along a particular direction. Photons whose
Vector 1s perpendicular to this direction are absorbed.
A more "humane" method of observation is the dBtCTTninatio
of the position of an electron with a Geiger counter. In t;
measurement, an - initial electron with accurately kp, s

"‘n
TYY vy A oy 1w A ) i TINnAaraonoad a fra o
VLTI, a"ud 't.h'u‘S }}nkﬁ(‘,‘w"ﬁ P ,(‘pSit}.Ou, unuviguvs a uansit

1
‘vlcn ’p.

a different state. In this final state the coordinates of electrop X,y
at right angles to the direction of its motion have small uncertaingy

Ax,Ay of the order of the transverse dimensions of the counte

2 . 2 o man cdemwrr $lune )
Heisenber g'S uncertainty relations then snow tnat the
in the transverse components of the momentum Ap,,

: : 4 4 3 s o PR — a PR, | 'y
We see that before measuremeni Ap, and Ap,

nceitaintio
Ap, arise,

WETE equal i
zero while x and y were uncertain. After measuring x and y ar
definite while p, and p, become uncertain. "By suitably choosing
a particular method of observation, we actuaily decide which
properties of nature will be determined and which will be erase(
in the course of our observation. This distinguishes the smallest
particles of matter from the range in which our sensory perception

operates” ([75], p.68).

6.2 Superposition of states

measurement process.

Quantum mechanics is "... a new set of accurate laws of natur
...One of the most fundamental and most drastic of there is tht
Principle of Superposition of States" ([76], p.4).

We shall illustrate the superposition principle by an example
Suppose that a beam of electrons is incident on a SCTEe
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containing two slits”. The state of the electron behind the screen -
will be described by the wave function V.

We now cover slit 2 so that only slit 1 is open. The electrons
then pass through the slit 1 alone. Let the state of an electron in
this case be denoted by y; and the state when sljt Is open, but slit

. s 1 ™ 3 o | i
1 is closed, by y,. The principle of SUperposiiion then states that
the wave function v is a linear combination y, and W,

V= +oy, (6.2)

where ¢, and ¢, are constants. This linear combination is called a
superposition or a wave packet (to distinguish superposition from
a mixture, we also refer to it as a "pure state"). The principle of
superposition is a consequence of the linearity of the Shradinger
equatioi. '

- The quantity
AC)=cw ) - (6.3)

is the probability amplitude that an electron which has crossed the
first slit will reach a given point 7 on the photographic plate
placed beyond the screen (event C,). The corresponding
probability will be denoted by P(C,).

One of the postulates of quantum mechanics is that probability
is measured by the square of the modulus of the amplitude:

P (Cl) = 'A(Cllz (6.4)

Similarly, for the second slit
g S
| A(Cy) =y, (F) (6:5)
\—‘.ﬁ

- : f the
sl The distance between the slits does not exceed in order of magnitude the wavelength o
flectron 4 given by (3.5).
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and

P(C,)=(4(C,)) (6.6)

Let us now consider the composite event C,+C, in which a
elfectmn reaches a given point on the photographic plate if bot
slits are open. The probability amplitude for this event will be
denoted by 4{(C, +C,). It is clear that the amplitude 4(C,+C,) is
equal to the wave function ‘

AC+C)=y (6.7)

Py - o~ % 'i‘, . A Py hY £ O
AL + 0, )= AL )+ 4lL, ] (0.0]

This means that the amplitude for the sum of the events is
equal to the sum of their amplitudes.

The probability of the composite event C, + C, will be denoted
by P(C, +C,; ). According to (6.4) and (6.8), we have

P(Ci+C)=|A(C + G ) =)+ 4(C) =
=P(C))+ P(C,)+ A(C)4'(C,)+ 4" (C)4C,) (69

We see that interference takes place.

Therefore, the superposition of two events results in the
addition of the probability amplitudes, but not of the probability
themselves.

We note that the representation of the wave function y by the

A A W

superposition (6.2) is natural, but not unique. For example, instead |
of the function y; and y, in (6.2) we can take their line® |

combinations
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b a2 0 2 | (6.10)

il

The formula given by (6-2)_ then takes the form |

oo L [
Voot oy 2 ‘ (6.11)
where
Lo Cs —0C
’ _ “i v vy ’ ) v] G 1 4
C! = ~ ,C2 = ’ 2
. _ (6.12)

For better understanding of the notion of "superposition" we
avail ourseives of an anaiogy.

Let us pour into a glass 100 g of water and then pour 100

Ao raciilt hnt 1 + s, ¢ s -
once more. As result both portions of water lose their individuality

A Azarsx T raeasn 'J

inter-flowing into a single portion of 200g of water:
200=100+100 (6.13)

We could obtain 200 g. of water by another way, pouring into
the glass firstly 150 g and then some more 50 g. of water:

200=150+50 (6.14)

The distinction between two expressi

Superpositions has the same meaning as the difference between the
Cquations (6.13) and (6.14)

~ We have already noted that quantum-mechanical randomness

anses when we try to find something that does not exist. In the

hove example, randomness arises because we ty 0 determine

Which particular slit was traversed by the electron whereas the

"2t v in (6.2) describes the passage of an electron through both

slits.

ons {6.2) and (6.10) for
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paragre}ph- The probability that the state of an electron is described
by v, 18 '

R=laf i (6.15)

and, similarly, the probability of the state v, ié
P =’ o (6.16)

- The state of the clectron is now no longer described by the
single wave function, but requires two wave functions v, and y,
and their probabilities B and P,. This type of states is called a
mixed state (mixture of yyand y,).

We note that, in contrast to the superposition of states, the

decommposition of a wave function y into the two wave functions
v, and y, in the case of a mixed state is unique, i.e., the basis
functions y, and y, are the eigenfunctions of the operator A (see
7.5) that corresponds to the measured quantity 4.

For a mixed state, the law of composition of probabilities is
P(G, +.CZ)=P(C1)+P(C2)9 (6.17)

i.e., there is no interference.

We note that the concepts of superposition and mixed state are
not specifically quantum mechanical. They are also encountereq in
classical theory. In 2.2, we considered the water wave passing
through two slits as a superposition of two waves. On the other
hand, a stream of bullets crossing two slits is a mixture of the two

currents emerging from the slits.
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On the other hand, if we look for something that does exi
we find there is no randomness. In particular, it we measure t}?’
momentum of the electron in state (5.12), we obtain a perfecﬂe
definite value for p. y

It can be shown that any superposition corresponds to ,
precise value of a particular physical quantity. This statement wil
be illustrated by an example in 7.5. Randomness arises only whep
we measure a physical quantity that does not have a particyly

value in a given state.

6.3 Mixture of states

To obtain a mixture of states, we place Geiger counter behind
of each of the slits, so that we can detect electrons from each slit

carnnratalss Ac nntad ahave
SLPGidiviy. 4id LUWU avuyvw

detection is not as innocent in quantum mechanics as it is in
classical physics. Thus, in classical physics, we can record an
event without affecting it appreciably. In quantum mechanics, on
the other hand, the situation is totally different because the process
of measurement is accompanied by a significant change in the
state of the micro-system. -

"The first step in measuring process consists of an externd
influence on a system. This influence is physically real and il
changes course of events ... This influence leads to passing on the

tac 1 e "
obscrvabic system to the “'mixture” of states" ([501, p.50)

s \LJUJ, P.JU}-
The more detailed discussion on the problem of measurement

in quantum mechanics see in [46, 77, 78, 79].

When an electron interacts with a Geiger counter, the
unconditional probability described by the wave function v i
replaced by a conditional probability. This is describel
mathematically by saying that the original wave function ¥
longer characterizes the state of the electron and is replaced by
two new wave functions y, and y, defined in the last (Secti@n}

*
tha Aneratinn nf maaciiramant nar
Vilw A v WV

) t"-r‘.l.&‘ vaAR/s1IL wa AEAW I Wwildiwioe
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6.4 Use of additiong} information

When a single electron is incident on the two slits, it

recorded by only one Geiger counter. The process of meagyy
(or, more strictly in this case, of observation) of electron Passip
though two slits, has three stages: g
1) Electron state before interaction with the slits is describeg
by a wave function, which corresponds to definite electr,

momentum.

2) T}]e ~Alantrna lhacs ad thrnnoh +h
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recorded passing of the electron through one of the slits. The stat,
of the electron have changed. It is an objective physical process
which occurs in definite place and lasts definite time. However,
we have not looked at the apparatus yet. We cannot say which sii
have been crossed. All we can do is to specify the probabilitics P
and P, corresponding to the passage of the electron through the
slit 1 or the slit 2, respectively. The previous state y of the
electron is converted into the mixture of the two wave functions
v, and y, with probabilities B and P,.

- 3) We have looked at the apparatus. Now the state of the
electron is described by one of the wave function , or y, which
corresponds to crossing by the electron the slit 1 or 2, rather than
by the mixture. When the observer recognizes that the counter
behind of slit 1 has recorded the electron he knows that there is n0
point in describing the state of the electron by the mixture. Using
the new information, he then replaces the unconditions!
probability by the conditional one. To describe this state of the
clectron, the observer therefore replaces the mixture of v, and ¥;
with the single wave function y,. This process is called ?

reduction of wave packet.

Heisenberg stated: "...the act of recording, on the other hand
which leads to the reduction of the state, is not a physical, bu!
rather, so to say, a mathematical process. With the sudden chan¥

(¢

90



of our knowledge also the mathematical presentation of our
knowledge undergoes, of course, a sudden change" [80].

Thus the reduction of the wave packet is not a physical
process that occurs in space and requires a certain interval of time
for its completion. Wave packet reduction is a change in the :
method of description-a purely logical process [81]. s

Wave-packet reduction is a transition to conditional
probability, as in the case of coin tossing. This transition, i.e. the
recognition of the results of measurements, is "familiar even in
classical theory" ({821, p.50).
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Chapter 7

An abstract Space

Answering the question of his younge;
brother: "What is algebra?", Albert Einstej
said: "It is arithmetics for lazy persons”.

7.1 Muitidimensional space

Sometimes people see paradoxality of quantum mechanics in

g ] o~ .1 . 21 r 1° P 1 o h [P | .
the fact that in the case of a complicated sysiem, wnich containg

ARa s ALV -.:J ~F s aa
A

(7]

point "in multidimensional configuration space and not in the real
physical space”. At this point we merely mention that the real |
physical space is not always three-dimensional, even in classical
physics, when randomness is absent. For example, a table tennis
player must take into account not only the three coordinates of the
ball, but also the three components of its translational velocity and
three components of its angular velocity. Hence the "real physical
space” involved in the game of table tennis is a nine-dimensional
configuration space and not the familiar three-dimensional one.
Unfamiliar does not mean unreal.

Besides, in the case of several particles "the real physical
space” is three-dimensional only if there is no interaction betweet
the particles. The space of n interacting particles is
dimensional.

;f we take into account, that in classical physics the state of 8
particle is characterized not only by three coordinates, but also b
thref; components of momentum, then the system, consisting of »
particles, is represented by a point in 6s#-dimensional space.
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Multidimensional space is no less rea] than atoms and
molecules.

As far as the term "abstract" (as applied to space) is
concerned, it by no means denotes "unreal”, j.e. existing only
inside a human head. There are many mathematical books devoted

to abstract multidimensional space. These books imply manvy
concrete physics applications of abstract spaces, but their authors
restrict themselves only to their general properties, leaving aside
the specific character of each particular space. Therefore the
exnression "the wave function is defined in a multidimensional
abstract space” means only that the concept of the space of a wave
function is a special case of a more general mathematical notion

(Hilbert space).
7.2 Spin

The spin wave function is the simplest one. We shall often use
it to illustrate different aspects of quantum mechanics.

Spin is a nondimensional quantity which is proportional to
magnetic moment of a system.

A graphic, but very crude, notion of spin is an absolute value
of angular velocity of a charged particle around its axis. (Magnetic
moment arises only in the case, when the rotating particle is
charged).

In classical physiés the absolute value of the angular velocity

Y 1 { arpn to infinitv
of the particle can have any positive value from zero to infinity.

According to this projection of the angular velocity on arbitrary
axis can assume any real value from —c to +o .

~ In quantum mechanics, on the other hand, spin can have qnly
Integral or hall-integral values. Each particle (or micro-system in a
Particular state) can have only one value of spin. For example, the
Spin of the electron is S=1/2. The helium atom has S=0 in the
SInglet state and S=1 in the triplet state. The spin of "Liis §=3/2.
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The project - - '

e € projection of spin onto a_given axis, say, the z axis ,
me 28+1 possible values (the values are numbereq ;

descending order): n

SIV 25,57 = (5 1)) =S o

In particular, the z-component of the spin of the electron
either 1/2 or-1/2.

The spatial state of a particle was discussed in some details o
{he previcus pages. I is described by the wave function w{F). The
probability of finding a particle near a point 7 in an infinitesima|

—em o uamen Alrmnan &~ ) N

‘ - 4 --— v N 1
VOLUiTic dF was taxkein 1o oc

W (FY dr (72)

The spin state is described in a somewhat different way. Thus,
the spin state of an electron 1s characterized by the two quantities
w, and w,, written in the form of column v, given by

y = (% ) (73
¥

This column can be treated as the wave function y Whost
argument is not the position vector 7, but the spin index j that cat
assume two values, namely, 1 or 2.

" The wave function ¢ does not predict the value of S, obtained
by measurement. The above column merely gives the probability
of different values of S,, namely, the probability A tha!
measurement will yield §, =1/2 is

R= lWi|2 (7'4)
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and the probability F, that measurement will yield §, = el dg
2
P, =lw,|’ (15

Similarly, the state of a particle with spin S is charaéterized by
a column consisting of 25+1 components

1788
v=|"? (1.6)
_’/fzs+14
The probability A that measurement of 5, will yield Sis
f _ii/:fiiz (7.7)
énd the probability P, thét the result willbe S, =S-11is
P =l (7.8)

and so on. . ‘
Since the particle must be in one the possible spin states

defined by (7.1), the probabilities !'/’1‘12 must satisfy the

normalization condition

2S+Ill//jlz =1 (7.9)

j=1
1.3 Eigenvalues and eigenvectors

. < S
The mathematical formalism of qgantum r'nechamcst m;l;:h
use of the concept of Hilbert space. This space 15 abstract, W
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%;Vﬁt::l rise to difficulties in understanding of quantum mechanicg |,
erefore useful to begin by illustrating this mathematic,
scheme by a simple model involving electrical ConduCti"i‘Y?
two-dimensional space. “

We know that an electric field E applied to a mediuy

v - A‘\r\ . - L

produccs a current density j. These two quai ities are related b y
]

Ohm's law

j=of (7.10)

where o is the electrical conductivity of the medium.

. svrs PR 1 . +1 svmanla ~Ano ' 7
The conductivity o i5 @ nuUmoCT int wad Sifp:d casc waere the

properties of the medium are the same in all direction (isotropic
medium). However, in crystals, the conductivity is a function of
direction (anisotropy). The electric field E, pointing along the x

axis then produces not only a current j, along this axis, but alsoa
current j, along another axis x, perpendicular to x;. Similarly, a
field E, pointing along the x, axis produces current components

j and j,.
For small values of B =(E,.E,) the dependence of j={(j.j2)
on E is linear, i.c.
jl = O_l lEl + O_lez (7.11)

~ These two equations can be written in the compact form

Jj=0E (7.13)

where & is the conductivity operator acting on the vector E and
is actually a matrix:
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condition for a nontrivial solution is that the determinant of (7
must be zero: K

R (7.13)

This second-order algebraic equation defines two eigenvalyeg
8, and §,. When 6 =6, or, & =&, one of the equations in (7.17) js
a consequence of the other. For example, if we take the firy
equation and put & = 8, we obtain the eigenvector EV - (El(l): Eg‘));

et
]
2
ek
—~
~1
—a
L
N—

The eigenvector EW is defined to within an arbitrary factor c:
if £0 is an eigenvector then c£® is an eigenvector also.

Similarly, we can define a second . eigenvector g
corresponding to the eigenvalue &,.

In the above discussion, we have tacitly assumed that all the
quantities were real. However. we ofien have to deal with an
electric field that varies in accordance with the harmonic law

E = Eoe_i?{ ) : (7.20)

in which case E,j, and & are all complex.

We note that, according to the well-known Onsage
relations[83], we have.

- * s * *
012 =031, O =0y, 09y =0y, (721)

where the asterisk represents the complex conjugate. This tyP¢ of
matrix is called Hermitian (or self-adjoint).
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o (7.14)

The two vectors j and E in (7.13) are column vectors:

j=|"'| E= ,
(Jz} (Ez) (¢ 12)

There are directions in a crystal in which the current is paraliel
to the electric field:

J =0k {7.16)
where & is a number and not a matrix. The vector E
corresponding to this direction is called an eigenvector and the
number & is an eigenvalue of the operator 6. The eigenvector and
eigenvalue of the operator & can be found from (7.11), (7.12) and
(7.16):

(C’u “5)E1 +opkE, =0
(7.17)

oy +(09 —8)E, =0.

This set of two linear homogeneous equations always has a
zero solution:

This solution corresponds to the trivial case that, when there is

no electric field, there is no current also.
On the other hand, the electrical conductivity d
nontrivial solution for which there is a nonzero Curt
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Vectors usually have three or more components. For example,
the position of two particles with coordinates (x;,y,.z) and

(x,.y,.22) 18 characterized by the six-dimensional vector

I =(x. Y2 %.Y.2,). The set of such vectors is called a six-
dimensional space. More complicated physical systems are
described in a space of a larger number of dimensions.

The relations given by (7.11), (7.12), (7.16)-(7.18) can be
directly generalized to the case of n-dimensional space:

=3 (7.23)
{. P PR
\o—oif =V (/.44)
det{6—6)=0 (7.25)

where #=(m,,m,...m,), & is an n- dimensional matrix with
elements o; and I is a unit matrix (a matrix with units along the

main diagonal and all other elements equal to zero); repeated
indices indicate summation between 1 and n.

7.4 Hilbert space

Hilbert space is an infinite-dimensional space in which we can

define the scalar product of two vectors®.
In finite-dimensional space, the scalar product of two vectors

I and /% is defined by

6 .
We omit some of the mathematical details ((84], Chap.2)
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grepeate:d ipdices indicate summation). This formula is a direct

generalization of the scalar product in ordinary Euclidean space.
The scalar square of a vector defines its norm (length):

I =rn=2h o= 107)

i=1

We note that the norm of any nonzero vector is positive. It is
the reason for the complex conjugation symbol introduced in
(7.26). A vector of umit length is said to be normalized. To
normalize an arbitrary vector [ we divide it by its norm. This
means that the vector 7/“7 ﬂ has unit length.

The orthogonality. (i.e. perpendicularity) of two vectors 1s

. = —ac fea 4 = 1
another important concept that can be expressed in terms of the
ad 7

scalar product. In particular, two Vvectors /] and m are called

[P NS B o a0 e Ve e J (RN
orthogonal if ineir scaiat prodguct is Z&ro
- -
(l ,m)= 0 (7.28)

The Hermitian property can be directly generalized to the case
of n-dimensional space:

g . Jjt

Oy E0; | (7.29)

It can be shown that all eigenvalues of Hermitian matrix are
real, and different eigenvectors arc orthogonal in pairs.

The latter property enables us to write any vector ¢ in the
form of a superposition (sum) of eigenvectors ) of an arbitrary

Hermitian operator &

The eigenvectors 7 @) can be considered to be normalized.
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The orthogonality relations ensure that the coefficients ¢, have
a very simple form [85]:

¢ =(9.) | (7.31)

In quantum mechanics, we consider more compiicated objects
such as the functions y(F) where 7 is a vector in ordinary three-
dimensional space. This function is an infinite-dimensjonal vector
because its description involves an infinite number of values
(components of the vector) y, (f) y/{rl

On the other hand, the component / of a vector 7 can be
regarded as a function of the index i. That is why there is no

difference between vectors and finctions in the theorv of Hilheri

vawasns aaa aa'w Th N A amasw wa e

space.

in an infinite-dimensional Space, a scaiar produci such as
(7.26) contains an infinite number of terms. Since an integral is
defined by '

Jo(e)de = ggg olt ), (7.32)

it is natural to define a scalar product of two functions in the form
(0.9)= [0 (F)(F)ar (7.33)

Formulas (7.27) and (7.28) can be directly generalized to the
case of Hilbert, i.e., infinite-dimensional, space.

1.5 Possible results of measurement

The shortest exposition of quantum mechanics.is as.follows.
®t us measure some quantity. In quantum mechanics Wlth. every
Physical quantity a we associate an operator 4. When quantity a 1s
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me
asured, the result can be only one of the eigenvalues a, of
operator 4.
The probability P(s;) that a measurement will result i ,
value a,, is expressed by the formula

P(a) Y . (734

- Here y/(’) 1S the elgenvertor conespondmg to the eigenvalue a,
and y is state of the system being measured. In this paragraph we
‘examine (7 34) in some details. .

We Snau now mustrate a Imeasurement bLﬂCIﬂB 111 qudmum
mechanics by considering the measurement of electron spin.

The components of an electron spin along the x, y, z axes are

acani afp4 unﬂ-l 'Fnl!nunnrr anaratnrs fQﬁ1

A 1(0 1
S=31 o (739)
G\ Y,
1 0 -1
S == 7.36
Y 21i 0 (7.36)
1 0 -
aiii; ]
S =— ‘ ' 737
: ZLO -1 ; \ ( )

Using (7.18) and (7.37), we obtain
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=0 | 7.38
lo -%—Sz (7.38)

Hence the eigenvalues of the operator S, are

S, =+

(7.39)

N |

Equations similar to (7.17) then show that the eigenfunction
corresponding to §, == is

£

2 1) J 11 (7.40)
)

whereas the eigenfunction

w = C)] (7.41)

corresponds to the eigenvalue S, =—-%. The arbitrary constants in

(740) and (7.41) were chosen to ensure that the vector

eigenfunctions were normalized:

2a s

ol b

The physical meaning of the eigenfunction v is that the
lectron spin component S, in this state is determinate and equals

- 2 .
0 +y2. Similarly, the magnitude of S, in the state w? is -1/2.

103

0 R PRI A s A,




Quantum mechanical randomness arises only in those Caseg
when we measure a quantity that does not have a definite valye
For example, suppose we measure the projection S, of the spip ¢

the electron in the state '®) in which the projection S; on the §

axis has a definite value. It can be shown that the operator 55
takes the form

S'g =65,S,+6,5, +9,5;, (7.42)

; > unit vector & o
where 6,,5,,6, arc the componcents of the wr n the
coordinate axes.

We now choosc the coordinate frame in such a way that the
vector & lies in the x,z plane and makes an angle ¢ to the z axis.
We then have &, =sing, 8, =0, 6. =coso and

cosQ Sing
§.=1 (7.43)
S 2lsing —cose ,

: A | :
One of the eigenvalues S; is Sy==. The corresponding
eigenvector is
(o)
cosZ
y@O = 2 (7.44)
sz'n2
2)

When we measure S, in the state %) the only pOSSible
outcomes are S,

5 and S, ‘:_%- The result of the measurement

of S, is random. The only determined quantity is the probability ¢
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the values S,. To determine this probability, we write vector )
in the form of superposition of the vectors y/(‘) and x//(z) .

() =cp )+ e,y ® (7.45)

The probability of the result S, =% in state ) is |c,|2 and the

: 1.
probability of S, = - s lc2|". Equations (7.40), (7.41) and (7.44)

then yieid

7N fa\ m fn\ o — s
=yl cos -+ sin— (7.46)

TVmimmm dln e L L2 1lie, A Alibnceniem

Ymsmmn sl me L L2124, ~b Aladn _—
IICULT WiC piuvaviiiy O1 OOW@Eining S, =

1 tha ctata ;;.1(5) ig
z v =

A12 Lizw Widaeer

-

cosz-;?- and probability of S, = --;- in @ is sin* 2

. T . ‘ - -
In the special case ¢ ==, i.c., when the vector § points along
2 b4

the x axis, we have

@1 0,1 0 (7.47)
V=l sy |

When the spin projection along the z axis is measured, we
obtain the value 1/2 with 50% probability and analogously for the
value -1/2 we have 50% probability also. If, on thg other he}nd, we
Measure a quantity, which has defined value mn FhlS state, 1.e., the
spin projection along the x axis, we find there is no randomness
and the result is always

1
SX:E
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Lt?t US now consider the general case. Suppose we measyre "
quantity a in the state . We associate with a the corresponding
Operator4. This operator has eigenvectors y/[‘],y/(z),... and the
corresponding eigenvalues are a;, a,... Measurement of g cay

The eigenvalues of an operator are frequently discrete. This
occurs, for example, in the case of the energy operator of a
electron in an atom. The electron energy, which in classica]
physics can assume any of a coniinuous sei of values, then takes
on only certain definite discrete values in quantum mechanics.

L d
T s 1s £ Ao wvalita vwra writa tha of
T'o find the prebability of a value g, we write the state

vectory in the form of the superposition of the eigenvectors
,/,lll,,/,(z),___:

y= cly/(l) % czt//@ o (7.48)

The probabilif&r that a; will be obtained is ]c,.lz. If we now use
(7.31), we obtain (7.34).

7.6 Reality of abstractions

The opinion, that abstractions exist only in human head, and
they do not exist objectively is widespread. For example, Berkley
wrote, that "triangle, in’ general, ' is neither oblique, nor
rectanguilateral, nor equilateral, nor isosceles, nor nonequilateral,
but that is at the same time both anything and nothing of them"
[87]. ‘ |

Abstrations indeed do not exist in the form of separate
realities. But they do exist in the form of sets (We remind that 2
set is defined by properties which have elements belonging to it).
In the example above this property consists in the fact that 2
polygon has three angles. It is what we mean when we say about
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abstraction of triangle: the s.et of all oblique, rectangular,
equilateral; isogceles and other triangles.
"Realism is not restricted to physics. There is also a
mathematical realism ..." [81]. |

Two of the most general abstractions are the physical space
and the physical time. The question is: whether they exist
objectively outside any thinking being, or they are only mental
constructions? The answer is: they exist objectively, but neither as
"spatial fluid" nor as "temporal fluid". The physical space and

rime are not substances but universal objective relations between

various particles, fields and phenomena.
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Chapter §

The "Paradoxes" of Quantum Mechanics

——

"If quantum theory does not disturb on first
acquaintance, it could not have been proper
understood”. '

Niéls Bohr, [28].
8.1 Imaginary numbers and operators

Quantum mechanics is a logically consistent theory. This
means that, strictly speaking, it does not invoive any paradoxes.
However, our intuition is based on everyday macroscopic
experience which cotresponds to classical mechanics. When
quantum mechanics is subsequently encountered, people
subconsciously tend to replace quantum concepts with classical
ones, which results in apparent paradoxes. We shall discuss the
best known of them.

Some authors see a “paradox” in the fact that the basic

formula of quantum mechanics, i.¢., Schrédinger equation

hz
hem=——— Ay +Vy ®.1)
2m

contains the imaginary quantity i =+/~1. However, the imaginary
unit i is not actually a symbol of anything from other world. The
imaginary number-in the Schrsdinger equation means that the
wave function y is a complex quantity

w=y,+iy, (82

1
08 »



i.e., that it consists of two parts: reaj part v, and imaginary part
w;: The terms '"real" part and “imaginary” part must not be
understood in the same sense as the terms "real apple" and
“imaginary apple”. They mean that single equation (8.1) for
complex quantity y splits into two equations

ot 2m |
7 duw, [ 2 ) (8.3)
—-h—L = V—L

for two real quantities y, and w,: We note that equation (8.1) is

not merely a shortened expression for the two equations (8.3).
e . :

I‘_"vnﬂ":"‘-

LOHIp:CX Quanauads ?Cfﬁ“ﬁ{ casier reatment of various

transformations. |
For instance the equation (8.1) is invarant under the ‘

transformation '

v — yexp ia) (8.:4)

T e T

In the case of two equations (8.3) the equivalent transformation {
has cumbersome form ; |

v, =y, cos(a)-y, sin(z)
(8.5)

4had 414 05(0!) -y, sin(a)

The splitting of the complex wave function y into two real
variables in another way is more natural. Namely, the wave
function may be split into modulas [y and argumentmilm
W8y =Iminy . The evolution of y is determined by both quax.ltitles
IV/{ and argy , whereas only M is observable. Complex variables

L __t{]
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are very handy mathe
matical tools for reflection these pro
of the function ' properties

The measurement of any phqual quantity always produces ,
real number. In the above mathematical formalism, it i
guaranteed by the fact that physical quantities are always

F33
.l\zpreSbth\,d b‘r T_'!o flnn rnarastnrg {can 7 ’2\ ﬁr!ﬁnoe elgeﬂ\'la}_h

1 Lidil UPULULU [S ] OVV- YY LA UUD
are always real.

We now pass onto operators. "An essential feature of the new

theory is that physical quantities or, in Dirac's terminology,
1

bse aruahlac m mnarticle enerovy 'ﬁplﬂ comnaorente  and

tae) nig
A2 8 V“Ul\/o \llAC;Llent‘\.lLLL, pus ViAW wigsnT s ANWANS vu;;xyv;;v;;-.u, Ciad

so on) are represented not by variables, but by symbols with a
noncommutative multiplication law or, to be specific, operators"
([45], p. 105). .

For exampie, the momentum p of part1c1e is expressed not by

a number, but by the differentiation operator

@)

B
‘D ¢ et 8.6
A (8.6)

where, for simplicity, we have connned ourselves to the one-
dimensional case. |

Quantum-mechanical operators are related to one another
moreover by the same expressions as corresponding quantities in
classical mechanics. In particular, if external field is absent, the
energy of a classical particle is given by

c=F_ (8.7)

According to (8.6), energy is represented in quantum mechanics
by the operator

2 2
2m ox*
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We note that, strictly speaking, even in classical mechanics,
physical quantities are expressed not by numbers, but also by
operators. For example, when we say that a car is travelling with a
speed of 60km/h, the number 60 does not mean "sixty pieces", but
signifies an operator producing an expansion by a factor of 60

annliad tAn tha on :
when applied to the speed lkm/h. In precisely the same way, 2

temperature of 100°C does not mean 100 temperature of 1°C ([82],

p-33).

The difference between classical and quantum mechanics, in
this sense, is that, in classical mechanics, we use only simple
operators such as operators producing the expansion or addition of
physical quantities, whereas in quantum mechanics we use more
complicated operators. Expansion and addition operators always
commute with onec another, whereas quantum-mechanical

operators often do not.

8.2 The particles identity paradox |

The indistinguishability of waves leads in quantum mechanics
to the indistinguishability, or more precisely, the identity of
particles.\footnote’. For example, all the electrons in an atom are
absolutely identical. Even if at the initial time /=0 we label all the
electrons, we have no way of teiling which is which at the
subsequent time ¢ >0 because the concept of a particle trajectory

; )
stance, there is no change in

) .
1 ™Man lartran For mm Y ]
is meaningless for an electron. ror mmstance,

any physical phenomenon when two electrons are interchanged.
This property seems strange in classical physics. For example, the
planets in the solar system are all different which means, n
particular, that if we were to interchange the Earth and Mercury,
we would soon notice a difference.

When a lady buys a classical object, for example, a blouse, she
always feels the quality of the material. However, when she buys a

"We note that any two particles with sufficiently small difference of masses within a sufficiently
short interval of time behave as if they would be identical [38].
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Weight and the nym

the quality of the g
therefore identica].
"Inferior" gold.

rested only in its quantitative content, o -

ber of carets. She's not normally interestezil-S
old. Gold atoms are quantum objects apq a;
In contrast to a fabric, there is no such thing 4

-~ 4+~ ot .c
atoms of chems S arc
Ine atoms of chemical clements are

e~ crvnll that tha,, L
U Siildu ulde uily €Xh1b.t
quantum- mechanical effects such as - indistinguishability
particles of the same kind. For atoms other than gold, this Property

1s masked by the fact that different atoms enter different chemica]

compound: cetinonichahla Gold h
compounds and thus become distinguishable. Gold, hos

(7

T7AYrar 4
U, HUWLUYeD 15 a

noble metal and does not readily enter chemical reactions, so that
gold atoms cannot be distinguished from one another., The
existence of the same, immutable gold is a quantum effect that
cannot be explained in terms of classical physics. We have
become accustomed to the fact that gold remains unaltered even
anter it has been exposed to a huge number of external factors.
However, the property of identity is so strange to us that even
the founding fathers of quantum mechanics have been known to
be wrong. For instance Dirac writes:
"... the wave function gives information about the probability of
onc photon being in a particular place and not the probable
number of photons in that place. The importance of the distinction
can be made clear in the following way. Suppose we have a beam
of light consisting of a large number of photons split up into two

components of equal intensity. On the assumption that the

intensity of a beam is connected with the probablc number of
photons in it, we should have half the total number of photons
going into each component. If the two components are now made
to interfere, we should require a photon in one component to be
able to interfere with one in the other. Sometimes these (WO
photons would have to annihilate one another and other times they
would have to produce four photons. This would contradict th
conservation of energy. The new theory, which connects the wav?
function with probabilities for one photon, gets over the difficulty

by making each photon go partly into each of the two component®
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Each photon then interferes only with itself. Interference between
two different photons never occurs" ([76], p.9).

The fact is that two photons of the same frequency cannot be
different. Two photor}s from different components of the original
bearn do not differ in any way from one photon that belongs

"sartly to cach of the two components". The reference to the
conservation of energy 1s also inconsistent because the violation of
the law is only apparent and merely a manifestation of interference

(see 2.2).

ant avnearimente have c¢ch
Rec ¢ shown that photons from two

AVNWNWWALSG Vl\rv‘. ALAANAA YD ALGS V VY AL CAALE G

different lasers do interfere with each other [88,89,90]. In contrast
to thermal sources of photons, an individual emission event in a
laser takes a relatively long interval of time, so that interference
beiween photons from statisticaily indcpendent lasers can be
observed [92].

It is irrelevant whether there ton ne so
or from different sources. Because of the identity of photons, all
sources throughout the universe must be looked upon as a single
source. An observed photon can be related to a particular source
only if the probability of arrival of a photon from all other sources
at a given point is negligible [90].

In the case of electrons, one of the manifestations of the
principle of indistinguishability is Pauli's exclusion principle: no
two electrons can be found in the same state. This principle is a
revival at a higher level of the ancient principle of impenetrability

t whether there are two Fhofnns from one source

1 1 the
f matt ¥ h 10 rannnf neciimu a1 nltansannec y )
0* maunlr: t‘v‘vrc dlxlerent uOdu—-a VALLLIVE UWwip Y SIMuancToust LAl

same position.

The principle of impenetrability of matter has already been
violated in classical physics. When the inventor of radio
Alexander Popov demonstrated the transmission of radio-waves
the Peterburg physicists were puzzled not only by the fact that the
radio-waves propagate without any wires but also by the fact that
they penetrate thorough closed windows. Radio-waves pass freely

Tough all nonconducting bodies.
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8.3 Schridinger's cat

In one of his papers on quantum mechanics Schridip, o
produces an example of paradoxical situation. Suppose that ,
chamber contains a speck of radium, a Geiger counter, a glagg vial
containing prussic acid, and a cat. The decay of a radium nye

A WAL AW MWilsgy CELAVE 4 WVEaLe A ALW 11

uviClus

causes the emission of an alpha particle which crosses the Geiger
counter. The counter produces a pulse which is used to initiate ,
mechanical device that breaks the vial and releases the prygg;,
acid, which kills the cat.

Since the decay of radium is random, we have a superpositioy
of two quantum states, namely, the live cat and the dead cat, and
the two states can interfere. This interference means that the cat
does not occupy one pariicular state (dead or alive), but is haif
dead and half alive, which is absurd.

The true situation is different. The discussion that w
given not take into account the fact that the operation of th
counter is a catastrophe in the micro-world which converts a
superposition into a mixture. The state of the cat is therefore
described not by the single wave function

Ym =¥ + G0,

but by two wave functions, namely, ¥, with probability ]c,l2 and

v, with probability, ]czlzand interference between the two state is
not possible.

ThlS situation is consistent with the classical theory of
probability. For example, let 48% of all people are men. It means

that a person selected at random has a probability of 0.48 of being

a man. This is not a paradox; we understand the result.
However, the same fac

_ t can be formulated in a mystical
paradoxical form: "each pers

on is 48% man and 52% woman".
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8.4 The Einstein-Podolsky-Rosen paradox

Einstein, Podolsky and Rosen devised an example of a
physical situation which, in their opinion, demonstrated the
incompleteness of quantum mechanics. The incompleteness was

understoed in the sense that there were some hidden parameters
AsAaw Arawwwowan r,—-a--AA—v—'-'-—

which, when discovered, would show that quantum mechanics
was in fact a deterministic theory. Einstein, Podolsky and Rosen
maintained that the denial of the existence of such parameters
leads to a paradox, ie. a logical inconsistency. They considered
the measurement of the position and momentum of an electron.

We shall discuss a simple modification of this thought
experiment, due to Bohm, which involves the measurement not of
the position and momenturm, but of a component of the spin of the
electron.

Let us consider two electrons with zero resultant spin. For
example, this can be the atomic shall of an atom of helium in the
singlet state. When a neutron knocks out the nucleus from the
helium atom, the two electrons fly apart because of the Coulomb
repulsion between them. The projection of the spin of one of them
on an arbitrary axis, say the x axis, is a random quantity equal to
172 or -1/2. The projection of the spin of the other electron on the

o % 1
same axis is also random and equal to + o

Since momentum has to be conserved, the resultant of the two

slan m ™m & nrotectinn
Siectrons must be zero. Let us now determine the projection of the

spin of one of the electrons along the x axis. Suppose that the

resultant of this measurement is SQ) =+—;—. The projection of the

: _ 1
Spin of the other electron onto the x axis must then be S ===

_We thus see that the state of the second electron has changed
MStantaneously: if prior to the measurement on the first electron,
s could be +1/ 2 or -1/ 2 with equal probability, then after the
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meas 2 1
urement ¢ )=..5, However, the electrons can be g i
;rb{trary large distance. For example, one electron could e in
ans and the other electron in Peking. This means thyt the

measurement of the projection of the spin of the Paris electroy

n(“‘i‘!A "t 11 £ L T . o : vl
~UUIG N0t possioly affect the Peking electron. This instantaneq.
“wo

W

reaction between electrons separated by an enormous distance is
the Einstein- Podolsky-Rosen-Rosen paradox. Einstein considereg
that the paradox could be regarded as an evidence for the

incompleteness of quantum mechanics, '

In’ reality,  the Einstein-Podolsky-Rosen paradox does not
contain a logical inconsistency. Prior to measurement, the two
electrons were not localized, and each of them was potentially
both in Paris and in Peking [92]. Hence, during ihe measurement
of the spin of the Paris electron there is an instantaneous change
not in the state of the Peking electron, but in the probability of its
state. Such an instantaneous change in probability is not specific
to quantum mechanics: 1t is also encountered in classical physics
([4], p-96).

For example, let's consider two rooms, in one of which there is
a princess and in the other a tiger. The two rooms are a great
distance apart. A slave can, at his wish, open the door of one of
the two rooms whereupon he either marries the princess or is tom
to pieces by the tiger. Thus, by opening the door of one of the
rooms he knows immediately who is in the other. This does not

involve a paradox, but it does involve a hidden parameter £. For
example, & =1 if a given room contains the princess and £ =0 if it
contains the tiger. We shall see in Chap.9 that hidden parameters
are impossible in quantum mechanics. The Einstein-Podolsky-
Rosen effect is therefore in conflict with common sense. It has
given rise to doubts about the validity of quantum mechanics I8
the Einstein-Podolsky-Rosen situation. However, experiments
(Refs.92-94) have revealed no evidence for a deviation from the

predictions of quantum theory.
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Nevertheless, it seems appropriate to recall Mach's words:
»The history of science teaches us that experiments with a
negative result must never be regarded as conclusive. Hooke did
not succeed with his balance to demonstrate the effect of distance
from the Earth on the weight of a body, but it presents no peculiar
difficulty to the more sensitive modern balances” ([3], p.219).

A detailed discussion of the Einstein-Podolsky-Rosen paradox
is given in [95] and [96].

8.5 Aharonov-Bohm paradox

We shall illustrate this paradox by an example. Let us consider
a particle carrying an electric charge e and traveling in a region
with constant potential ¢. The total energy of the particle is

2
H=t1ep (8.9)
2m

We know that the potential ¢ has no direct physical meaning.
The physical situation does not change when we add an arbitrary

constant C to ¢

p—>p+C
It is only the electric field
E, =- op (8.10)
ox

that has a direct physical meaning (for the sake of simplicity we
confine ourselves to the one-dimensional case).
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In classical physics, the fact that the physical Picty

. : iIe i
independent of C means that C does not appear in Hamiltoy,
equations

dx _OoH _p 8.11)
dt op m
g __0H__ 2 (8.12)
dx Ox ox

In quantum mechanics, the Schrodinger equation has the form

2 A2
0 O 1
yh.o_"lf.z—-’_i_a +emis to l‘%)
ot 2m Ox
ion of this equation for a particle with momentum p is
The solution of this equation for a partic] 1

where 4 is a constant of integration. "
In contrast to classical mechanics, the state v of a partxf: em

quantum mechanics depends directly on the potential ¢. This can

be demonstrated experimentaily by means of interference. For

1ie
. o e . h +rn C‘]ltu
S P nartinla haam san ha dividad intn thwo narte hy two S
\/Aauxylv, a Faxdulw odam ¢an v GlvVigea LAV LVWWY palws Uy b

In a screen. One part is sent through a region with potential ¢ anﬁ
. . . 1. f
the other thorough a region with zero potential. When the W

: : 15
parts of the beam are recombined, and interference pattern

: : en
observed because a path difference has been introduced betwe
them. '

: . the
The paradox is that we cap experimentally detect [97]
potential that contains the arbitrary term C.

: ) . il
In reality, there is no paradox [98]. We cannot say in quagt?he
theory that one particle crosses the region of potential ¢ an
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other the region with zero potential. Each electron can be

in both regions. Hence the interference pattern reflects Prft:SGtIll t

potential ¢ itself, but the difference between @ and On?zth E

means that the arbitrary constant C eliminated. , -
A more detailed discussion of the Aharonov-Bohm effect may

be founa ifi |74 .




Chapter 9

The impossibility of hidden-variable models

e —————

" When the mayor's clerk, report in hand,

entered the mayor's office in the moring, he
faced a curious sight: the mayoral body, dressed
in uniform, was seated behind a deck, and on
pile of records of unpaid taxes there lay, like a
foppish paperweighi, the iotally enpty mayora]
head... The town's leading physician wag
summoned, and three questions were put to him:
(1) could the mayoral hcad have separated from

1 )
the mayoral trunk without any blood being

spilled? (2) Could it possibly have happened
that the mayor removed and cmpticd his head
himself? And (3) could it be assumed that the
mayoral head having been removed could be
reinstated later by some as yet unknown
process? The medic thought long and hard, and
murmured something about a "mayoral
substance" that allegedly issued from the

mayoral body ..."

(M. E. Saltykov-Shchedrin. History of a town)

9.1 The problem of hidden variables

Quantum mechanics rejects the determinism of Newtonian
mechanics. Many physicists consider this unacceptable. Their
point of view has been articulated by David Bohm: "The usual
interpretation of quantum theory, which is internally closed,
nevertheless includes the assumption that the most complete
description the state of an individual system is achieved by using
the wave function that determines only the probable results of
actual measurement process. The only way of verifying the
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validity of this proposition is to try to find some other
interpretation of quantum theory in terms of what are still “hidden

parametcrs”, but w!'xich .in principle would determine exactly the
pehavior of the md1v1dua}1 Syslems; measurements that are
pmcticable at present constitute averages over the
(1991, p-34). .

In other words, supporters of the hypothesis of hidden
parameters state that nondeterministic quantum mechanics is only
the visible part of the complete edifice. This visible part rests on
an invisible fo’.l.n.(*.atien, 1.e., some deeper deterministic theory,
created in the spirit of classical theory.

Supporters of hidden parameters assume that the situation
in quantum mechanics 1s the same as in classical kinetic theory.
For example, the biue color of the sky is a consequence of the
scattering of sunlight by random pulsations in the ensity of air,
which have a certain particular size. Randomness is then only
apparent because the air molecules follow determined motion and
randomness arises because we do not know the positions and
velocities of the individual molecules.

‘Many hidden-parameter models have been proposed. To
illustrate the situation, we shall consider three of them: the model
of subquantal particles (9.2), the model of the subquantal fluid
(9.3), and the model of the subquantal wave function (9.4). These
models explain only some of the quantum effects, and are in

conflict with others. The assumption, on which hidden-parameter

madsle ra
meaeis rely are therefore wrong.

The founding fathers of quantum mechanics knew .that
reasonable hidden-parameter models were impossible in principle.
However, 5 rigorous proof of this proposition was lacking, and the
*Peculations remained unpublished. .

The first rigorous mathematical proof that hidden
Parameters could not be introduced without radical change 1o
antum mechanics was provided by von Neuman ([84], pp- 234-
%). The proof is based on certain postulates, one of which is that
the Quations of the subquantum (1.e., more fundamental) theory
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ghould be linear in the same way the Schrédinger's CQuatigy, .
linear. Supporters of hidden parameters objected to this apq .

that classi P nearie - Moleg
at classical mechanics is nonlinear, so that the linearity POstyly,
was 1nadmissible. e

The first proof that it is impossible to construct g hidde,
paramcier model, without assuming the lincarity of the €quation.
of this model, was given by Bell (Refs.91,93,99). A simple pro(;‘
was given soon after by Kochen and Specker [101]; see aboy it

9.5. Thesc proofs arc based on the idea, that, in quantup
mcechanics, randomness combines with necessity in such a yway
that it is impossible to reduce randomness to a set of hiddey
parameters.

‘ A very short and simple proof of the 1mpossibility of
hidden-parameter models has been given by Turner [102], but his
proof relics on familiarity with quantum logic. These questions are
discussed in Chap.10. and a detailed discussion of the problem of
hidden parameters is given in Refs. 92-94, 102, 103 and 104.

We note that Maxwell's electromagnetic field theory was
initially rcgarded as unsatisfactory because it described the
behavior of the abstract vectors £ and # and not the motion of
matter. "Many models were proposed to overcome this difficulty.
They were based on the behavior of a fictitious continuous
medium, called the "aether", which was capable of transmitting
action from point to point. Unfortunately, calculations and
experiments showed that the existence of the aether could not be
proved for the clectromagnetic ficld, and even 3 description of it

could not be provided" ([94], p.147).

9.2 Model of subquantal particles

The fact that the a-p
and the quantum-mechanj
explained classically by a
with some as yet unkng

article does cross the potential barrief;
cal randomness of the process, could be
Ssumption that the « -particle is COHide‘fj
Wn small subquantal particles ("zerons
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[106]) or vacuum fluctuations (Refs.106-108). This was suggested
by the fact that equation (9.5), which is a consequence of
Shrodinger’s equation, has the same structure as the diffusion
equation (Refs.109,110), namely, it contains the first derivative
with respect to time and the second derivatives with respect to the

:
coordinates.

Howc?ver, if this were so, the «-particles crossing the
potential barrier would have random energies, ranging from zero
to the height of the barrier, whereas all the « -particles leaving the

nucleus are l-:n?wn to ha‘:fe an energy of exactly 4.8 Mev. The
subquantal particle model is therefore wrong.
9.3 The subquanial fluid modei

In order to obtain the subguantal fluid model, we write the

where R and S are real. Denoting
p=R? (9.2)
and

0=

vs 6-2)

L
m

We obtain the real continuity equation

@, divpy =0 (94)
Ot
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and the real equation of motion (Bohm, Refs.98,111)

oo . ' h? Apl/2
m—a-t-+m(5V)u =-VV+ - V( o

(9.5)

Equation (9.4) may be looked upon as the equatiop of
continuity (Ref. 37) of a (subquantal) fluid, whereas (9.5) is
equation of motion of a particle that experiences both the classicy
potential ¥ and the "quantum potential” (Refs.98,111)

_ h? (Ap‘ﬂ\
2m\ p"* )

96)

The "quantum potential” keeps the electron on a quantized
orbit around the nucleus and not at an arbitrary distance, which
would be the case if there were an analogy with the planets in the
solar system.

The velocity & of a particle in the subquantal fluid model is
interpreted as a hidden parameter, and it is assumed that, after

measurement, the particle momentum p is different from the "true
momentum” mo that is the value prior to measurement. On the
other hand, the measured position is the same as the true position.
Bohm has examined a number of simple measurement
processes that could lead to agreement with the predictions of

nnrantiim thenrv
\-1““11&“&1‘. &LLV‘ULJ .

However, the "wildness" of quantum mechanics lies not 50
much in the fact that it predicts some special effects that cannqt be
explained in terms of classical theory as in the existence of effec®
every of which may be explained classically, but this explanatio?
are in conflict with one another. In particular, the laws of quant?
mechanics are symmetrical under the replacing coordinats by
momentums and momentums by coordinates. t

The subquantal fluid model does not meet this requirem”
and cannot therefore explain the results of more complica®
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experiments. We shall not pause to examine these experiments
because we shall show in (9.5) that hidden parameters cannot, in
principle, be introduced into quantum mechanics. Thus subquantal
fluid model is flimsy also.

We note, that by writing two real equations in the form of a
single complex Schrodinger eguation we ensure not enly that the
expression is compact, but also that the Schrodinger equation is
linear whereas the two equations (9.4) and (9.5) are nonlinear. The

advantage of having a linear equation is that there is a well
established mathematical formalism for solving such cquations.
This relationship between linear and nonlinear equation is used for
the precise analytic solution of nonlinear problems. In particular,
the real nonlinear equation is treated as a component of a
quanfum-mechanical particle lincar probiem whose sojution can
be derived in an explicit form. The solution found in this way is

then translated into the language of the nonlinear problem thus

ALasaw A et

obtaining a solution of the original nonlinear equation [113].

94 Subquantal wave function model

In the model proposed by Wiener and Siegel {114], the
state of a micro-system is described by two wave functions,
namely, the usual quantum-mechanical wave function v and the
"hidden" wave function &. The latter is introduced to ensure that
We can accurately predict which of the eigenvaiues of the
observed variable is obtained by measurement. We shall illustrate
the Wiener-Siegel model by considering the measurement of the
projection of the electron spin.

Wiener and Siegel assumed that, in addition to the
explicit electron wave vector

<
I
Fy

7z ) 9.7)
¥

125




t
here wag a further "hidden" vector

_[ &
S (52) (9.8)

which predetermines the result of any measurement of S;. In
particular, when

il | bl
(9.9
&l el )
we have S, =% whereas if
wl _ wal (9.10)
el el

we have §, = -—;-. In contrast to w, the vector £ is not normalized:

13 ]2 +|&, |2 is not necessarily equal to unity.

To ensure that the hidden-parameter model provides the
foundation for quantum mechanics it must lead to the quantum-
mechanical postulates. In particular, the Wiener-Siegel model
must lead to probabilities (7.4) and (7.5). It can be shown that
these probabilities are obtained if it is assumed that the "hidden’
vector £ is random and that the quantities || and |&| are
independent and lie between zero and infinity with the distribution

f (]§,|)=|§,-|exp(—|§j|2 /z), (=1, 2) (9.11)

This model can be directly generalized to the case of arbitrary
spin.
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. The \_Vieper-Siegel model explains the Single measurement of
spin projection, but cannot explain more complicated sets of
several measurements (see 9.5).

We .have already noted that quantum mechanics is
nonclassical not so much because it involves randomness as
because the randomness combines in a strange way with necessity.
The random results of simple measurements could be explained l;y
hidden parameters, but the random results of more complicated
megsurements are subject to essential constrains (correlations)
which, as we shall show, exclude the possibility of hidden
parameters.

Hidden-parameter models cannot be constructed. Orthogonal
directions correspond to points Joined directly by straight lines
Fig 23.

To prove that hidden parameters cannot be introduced into
quantum mechanics, we need only find onc example that cannot

be explained by the existencc of such parameters.
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00

Possible combination of
2 2
S; and S,,, for two orthogonal directions

Fig 25.

Whenever the directions of /and  are orthogonal (ie.,
perpendicular), the correspouding points L and M are joined by a
line. On the other hand, whenever two directions are not
orthogonal, the corresponding points are not joined by a line. For
examnle, in Fig 23, we show the eight directions 4, B, C, D, E, F,
G, H. Directions 4 and B are orthogonal, whereas directions 4 and
D are not.

The question is: what is difference between orthogonality and
nonorthogonality of axes? We shall show in 9.6 that, when [ and

i are orthogonal, the values of 7 and Sjare compatible. This
means that, when

=0 | (9.14)

; ) oyl 2 2"
there is a quantum state in which the quantities S; or S; are

simultaneously determined. . e
When the three axes I, are orthogonal in pairs, then
according to 9.6, the values of S2,52,52 are compatible and two

of them are equal to unity whereas the third 1s zero. In other

Words, for three directions that arc orthogonal 10 pairs, the onb'

Possibility is the combinations of zero and units illustratgd in Fig
- Hence it follows that, for two mutually orthogonal dlrec;:o\r:;
© only possible combin;tions of zeros and units are those sho
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the measurement of
e

example to be
ith unit spin

We shall take this
for a particle W

square of spin projection

S=1
‘ (9.12)
1t follows from 7.2, that the square of the spin projcction §? o
: _ - pona
arbitrary axis / can assume two values, namely .
s?=0 or Si=1
{
' (9.13)

Suppose that the T./.7,... axes emerge from the same point O

let us construct sphere of arbitrary radius centered on O e

sphere cuts [,f,.. axes at points LMN,.... We nov o
AV, oo vV map

f!\ﬂOlOﬂ’;f‘Q‘l W1 Ir]p n "
W/} s A A\Y4 IhP Q'\hp‘l"P AN an ane l"\ﬂ’ l‘f\'r|(‘.|{‘PQ i'
t_ bxvu;; bAAW UIJLAVA.V WAL rl“&A' waAANe W wv‘ 1 1'1 ,‘ ]
y ALAW ARG WA TV Avasr wvaaw ane ¢
- e S, ‘)

 d -’

the drawin i
the cra Owi. Each point nIL,‘A'[,I_.V, ... on the plane is then associ
directions of the 7,/m,4,... axes icaving ine poi ted
g ine point O.

I

1

A oss'l nati
2 s év ” ible combination of
, 5., Jor three orthogonal directions

Fig 24,
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P

m Fig.25. whereas the combination shown in Fig.26. is p
pos§1l?l.e. Consequently, the two points marked O in Fig.23 capy
be joined by a line, i.e., the corresponding directions cannot he
orthogonal. |

Now consider the case when the directions of / and  are noy

Oruiogoiiai:

Im#0 (9.15)
17, -—L».--. i Y £ - v-:-r‘i\.\‘ll +L;n :r\ v “*Ln "Tﬂ!“ﬂﬂ n-p 02 na.4 02 .
We stiow in 9.6 that, wnen Uiis i8 80, ui€ VAaiucs U1 o7 aid 5z arc

incompatible. This means that, for any particular value of SI-Z, the

quantity S2 is always random and can assume two values, Oor 1.

Q; | o
I!
=

(see Fig.23), SZ canbe 0 or 1. If hidden parameters were to exist,
S7 would be equal to 0 for some and to 1 for other such
parameiers.

We shall show now that the experimental situation illustrated
in Fig.23 is inconsistent with any hidden-parameter model. We
can prove this by reductio ad absurdum.

g3 . .. 2

If hidden parameters were to exist, then quantitics S; and 5;

would be simultancously equal to 0 for Itis

mao
nar a

N a Qe - or
OV1iIVU SuUvil i Qilivivid

S.

Similarly

In preciscly the same way




leads to

It follows from the triangle BFD of Fig.24 that

Q.xtjﬂ

n
=V

Similarly, it follows from the iriangle CEG that

We thus have obtained zero values for the square of the
projection of the spin for the two mutually orthogonal directions d
and €, i.e., we have the impossible situation illustrated in Fig.26.

Hence, the assumption that hidden parameters exist leads to
the contradiction. In other words, hidden parameters cannot be
introduced into quantum mechanics.

0 0
O O

The impossible combination of
SFandS2, for two orthogonal directions

Fig 26.
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'S:rﬁ

=m.S +

m,S, +

+2,§

z

(9.19)

and the three operators S, § .S, are given by the matrices [86]

&
D

S,

1
"?(1

vzko i

L[

=$L;

1
=10
0

1
0

0 -

0

I

o O

-}

.._]’

(9.20)

Since the z axis is not special in any way, we may suppose that
it lies along the direction of 7, so 7 =(0,0,1). From (9.18), (9.19)

and (9.20) we find that
i 0
[s2.82]=| =, +a1,)

N

v

0

_:/_-1_(/ -il)

7
-:/*1.—

/“'\
ﬂ

0

For nonparallel 7 and , te.,
Simultaneously equal to zero, the matrix given by (9.21) equal to

2ero if and only if I, =

m.“

when [/

0
L .
"‘:/-—i'(lx lly)
0
and I,

(9.21)

are not

Hence, the quantlues s? and S} are compatible if and only if

the directions of / and 7 are orthogonal.
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If is tacitly assumed in the above proof that the configuratiqy,

shown in Fig23 is realistic. This follows from the followin,
example:

. 5:j+k E i+
1

=i~j+k,
., J =)k,

i

k (9.16)

14

~.

d
+

- £
e

é= J

0q
]
~)
|
i
> N
]

where 7,k are three mutually orthogonal unit vectors.

The above proof of the impossibility of hidden parameters in

quantum mechanics is due to Kochen and Specker [101], modified
in [93].

9.6  Missing points in the Kochen-Specker proof

The proof that hidden parameters cannot be introduced into
quantum mechanics, given in 9.5, makes use of the following.
propositions: |

1. The squares of the projections of the unit spin (S=1) on the
I and 7 axes, i.e., S? and S? are compatible if and only if
the two axes are orthogonal.

2. If the three axes 7,7 are orthogonal in pairs, then two of

the values S7,S2,52 are equal to unity and the third is zero.

We shall prove now the first of these two propositions. The
compatibility condition for §? and 52 is

32 & A5 oy ¥ Lot TX
lSi sS,?,Ja 8787 -8282=0 (9.17)
where
S"f = IxS'x + l_vgy y 3 Iz.§z (918)



€ now turp to the

\\Y
roof £ s ,
W€ must CaICUIate the Opp of the second proposition. To dq it,

Crator representing the square of the spjy,

§% =524 §24 §2 . 9.22)

It follows from (9.20) that -

S2+82+82=21 (9.23)

where [ is the unit matrix. Since the values of $2, S? and §? are

=2 (9.24)

As S},52,5} can only be equal to unity or zero, we find that two of

them are equal to unity and the third to zero, which was to be
proved.

We note, by the way, that (9.24) is a further manifestation
of the quantum nature of spin. The classical unit vector would be
the subject to the three dimensional Pythagorean theorem

S:+82+58%=1 (9.25)

9.7 - Negative probabilities

In the proof given in 9.5, we confined our attention tg
"reasonable” models. However, it we now turn to "strange
models, we find that the hidden parameters arc possible.
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A "strange" model of this kind was Proposed by Wigner

([ 15])5 see also. (f1 16J-[1?£_1]), who introduced the followine jn;
probability density for position coordinate x and momentu:;:‘gp? o

1x.p)=5- [ P (9:.26)

-t . % < ) L Z )

where y(x) is the wave function and % = 275 .

This function f(x,p) can be used to obtain the probability
do,(x) of finding a particle in the range (x,x +dx), which is given
by the following expression:

' y
de (x)=dx Jf flx, pldp (9.27)

Similarly, the probability that the particle momen

-.s.l.a.vJ AL W sRacraanwaaw

range (p, p + dp) is given by
dw,(p)=dp | f(x, p)dx (9.28)

However, the expression given by (9.26) does not actually
signify that the particle has simultaneously determined position
and momentum because the function f(x, p) can assume negative
values, which is inadmissible (see 5.1).

It is important to note that the utility of the Wigner distribution
(9.26) lies not only in introducing hidden parameters into quantum
mechanics, but also in that it is convenient for the evaluation of
different quantum effects [125], [126, [127]]. '

At this point, it is appropriate to recall a simple fact of life: 2
working man is rarely a conman. Our usual understanding of
Probability as a nonnegative quantity may mean that our

}merpretation of the concept of probability 1s 100 narrow [128],
129].
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Here is a historical analogy. In the sixteenth century, Cardang
derived the formula

e —
e ——

(92 o

24 px+q=0 - " | ' | (9.30)

This solution often involves a negative €Xpression under the
square root ie it is a complex number Wthh was regarded as

x —3x+*f2-=0

we have

1 e

It we write thls expressmn in trigonometric form, i.e.,

.
§ 3

- x=3cos135° +i5in135° +3cos135° — i sin135°
and use the de Moivre formula |

s . n - .
(COSCZ+ISIHC¥) =cosnax+isinno

with n=1/3, we obtain
x=2cos45° =2
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9.8. Bell’s inequalities.

Bell’s inequalities [.168, 170] and their verification [169] are
one of the proofs of impossibility to introduce into quantum

mechanics  local hidden parameters. One form of Bell’s
inequalities is as follows:

1. Let the object, characterized by three magnitudes

A,B,C taking values + 1 be. In quantum theory
noncommuiing operators can correspond to those values.
Suppose, however, that particle has simultaneously A, B, C.

. wvarminad a 3 >4 e . . . +
Ha‘v'mg CRamineg vnsemble Gf identical narticles lndlcat'm"g A

ANV LLVAG G H“LGLUL\-’O,
case, when A takes on value +1 (the same for B and C), AifA
takes on value —1 (the same for B and C), we obtain evident
equality:

N (A'B)=N (A'BCH+N (A'BC) (9.31)

where N -~ number of articles with corresponding
characteristics. From equalities:

N (B'C)=N (A'BCH+N (A'BCY (9.32)
N (A'C)=N (A'B'C)+N (A'BC) (9.33)

it obviously follows:

N (A'B)<N (B'CH+N (A'C) (9.34)

This is exactly one of the Bell’s inequalities.

Let operators A and B not commute. Then, if it is. to
Consider, that A and B properties exist as elements of physical
eality, that only interference of device prevents to define them
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simultaneously, we thereby suppose the existence of hidde,
paramcters.

So, testing Bell’s inequality experimentally, we check if the
particle actually “has” A, B, C or they appear when measureq
corresponding relations between partxcle and device. If A, B, ¢

exist simultaneously (though 4,B,C don't commute), this is tq
signify incompleteness of quantum mechanics and necessity to
introduce hidden parameters into quantum theory.

Experimental testing of Bell’s inequalities [169] shows, that
they are invalid and thereby correctness of quantum theory wag
proved. A, B, C characteristics, corresponding to noncommuting
operators don’t exist smlunaneouSly
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Chapter 10

Quantum logic versus classical logic

A mathematician could not find his glasses.
After a long and fruitless search he called
logic to his aid: "I had spectacles, i.c., I had
poor vision. But since I can see that they arc

nowhere to be found, this must mean that I

~ csransmem s tlanean ! - :
 am wearing thom". And thea by touching

the bridge of his noise he verified that he
had not taken his glasses off.

10.1 Classical logic

The above proof that hidden-parameter models are impossible,
ie., that quantum mechanics cannot be reduced to classical
physics, has all the appearances artificiality. There is a very simple
and natural proof [102] that is based on the incompatibility of the
logical structures of quantum and classical physics. However, to
understand this proof we have to be familiar with classical and
quantum logics.

"Classical logic" and "quantum logic" are generally accepted
but somewhat infelicitous, phrases. Logic is the science of general
laws of thinking. The laws of thinking in quantum mechanics are
not different from the laws of thinking in classical physics, in the
same way that high-temperature plasma logic is not different from
the low-temperature plasma logic.

Quantum logic is the phrase usually applied to mathematical
logic augmented by the postulate of superposition (see 6.2) In
contrast, mathematical logic without any additional postulates 1s
called classical logic. In other words, classical logic is simply the

algebra of statements.
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athematicg] Symbols of addition and multiplication, and the

opfratlon upon them constitute a special algebra. (We set forth
only that laws, which are necessary for the proof of impossibility

of Introducing of hidden parameters into quantum mechanics. Ope

Can bc acquainted with algebra of statements in more detail i
1130}, [131)).. « s
- To each statement 4 there corresponds a certain set Q, of
points in phase space in which the statement is true. The set O 4 1S
calied the support of the statement 4. For example, ihe support Q,
of the statement x2+ p2 <1 is a circle of unit radius on the X, p
plane with center at the origin.
If we have two statements 4 and B, and the statement C is that
at least one of the two statements 4 or B is valid, we say that

ctmbmemmnet £ on +hL £ 4 A A ita thia s
siaiement C 15 the sum of 4 and B, and we write this in the form of

IANL L7, CLLIUE VYW YPRALW L1223 224 11w 1044t O
the equation
C=4+B (10.1)

If the statement C is that both 4 and B are true, then we say

that statement C is the product of these two statcments and we
write this in the form of the equation

C=dB o0 ' . (10.2)

Colloquially, logical addition corre"sponds to the union "or"
and logical multiplication corresponds to the union "and";
The operations of addition and multiplication constitute, it

classical logic, the set-theoretical addition and multiplication of
the supports of the corresponding statements:

QA+B = QA +QB; QAB :QAQB’ | (10'3)



g

Between some pairs of statements 4, B, C, ... we can establish
a cause and effect relation

A—B . (10.4)

YA ALAW AL Aas wes

. . & 3 - ) ‘ . .
which means that if statement 4 is true then statement B is also

true. In other words, statement B is a consequence of statement 4.
The relation 4 — B means that the support Q is subset of the

support Qg of statement B:
Q,cQ, (10.5)

For example, if statement B is p>0 and is a consequence of
statement C which states that p>1, we have

C—B (10.6)

Fig.27 shows the domain Q, by the oblique shading whereas
the domain Q- is shown by the cross hatching. It is clear that

Q. cQ, (10.7)

We note that the cause-and-effect relation does not apply to

every pair of statements. For example, it cannot be valid for p>0
and p<0 because neither is consequence of the other.

ALY RAWALVALWY

The above notation provides us with a compact way of writing
down complicated logical structures. For example, consider the

statement: "If one of his colleagues was
STTTTIV ,
Cause-and-effect relation in classical physics

Fig 27.
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ii;ec}f;ozpf?yers, Of rumours of a trick played by some school-boys

ed his ears, if a dame de classe was seen late at night in the
Company of an officer, he would be profoundly agitated, repeating
constantly that he was afraid it would lead to no good" (Anton
Chekhov "The Man who lived in a shell™). It can be written ip 5

~n - .
Compact form: e

A+B+C-—DE, (10.8)

P
.

ranracant "Ana Af lic ~rallaa

faX o
VWiilviv 1 LUPLUOULLL Viw vl 1110 UULL\.’“\-L

1ac wrac lata far nravore" R
UTD YWao 1AW LUl prayvis 4 O

stands for "rumours of a trick played by some school-boys reached
his ears", C is "a dame de classe was seen late at night in the
company of an officer”, D is "he would be profoundly agitated"
and E stands for "repeating constantly that he was afraid it wouid
lead to no good".

" Thao rancoa_nnd_affant ralatinn ~Alaarlyy inva
F LY vghop-mxu_\.-ix\.-u:. AW iddiLiV\Jid \Jl't-fullj LEiZ VN

of addition and multiplications of statements:

A A+B, AB— 4 - (10.9)

called laws of implications, and also the laws

if A—>B,then A+B=B and AB=A (10.10)

calied laws of absorption. |

We shall illustrate these properties of statements by an
example. Suppose that 7z is the magnetic moment of atom.
Statement 4 is that this magnetic moment points along the x axis,
whereas statement B is that it points along the y axis; statement C
states that it lies in the x, y plane. The supports of statements 4, 5,
C are: Q is the x axis, Qj is the y axis, and Q. is the x, y plane.
Next, statement 4+B is that the vector i lies either along the X
axis or along the y axis. The support of this statement Q,, 5 15 the
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set of two straight lines x and y. Statement 4B is that the vector &

points along the x axis and along the y axis, which is impossible.
This is an absurd statement and does not therefore have any
support. In mathematically language, the support of this statement

is an empty set. Obviously,

Q,c Q. (10.11)

so that

A>C (10.12)

10.2 Quantum logic

The structure of phase space in quantum mechanics is quite
different from that in classical physics. In classical physics, the
support Q , of statement 4 can be any region of phase space. On
the other hand, in quantum mechanics, because of the
superposition principle, the state of a system described by a wave
function y is also described by the wave function

¥ =cy, (c=const). (10.13)

We are assumed in this paragraph that the wave functions arc not

normalized.
Statement (10.13) signifies that the support of statement A4,

namely, "the state of the system is described by wave function y "
is not a point in the phase space of y, but the straight line L,,

described by (10.13), where the constant ¢ is arbitrary. :
Next, if the system may be in both states y; and y;, 1t can

also be in any state

Y =qy, + ¥, (10.14)

143




In Othf:r words, the support of this statement is the plane (10.14)
Spafmmg the vectors y, and w,. In quantum logic, as in classica]
logic (see (1 0.1)), we can construct an algebra of statements baseg
On a operations of addition, multiplication, and the cause-and-
effect relation [132]-[134]. The operation of multiplication and the

Cause-and-effect relation induce the same relations between the
supports of statements, just as in classical logic:

Lyg=LyLp; (10.15)
if A= B, then L,c Ly (10.16)

As far as the operation of addition 1s concerned, this
corresponds not to the set-theoretical sum L, + Ly of the supports

of tha individual tarme 7 and 7 hnt ta the cat af all tha naccihla
QUL WLilw RLEREA 7 ARBweidd LWwaL ianr ax SRR A ] RAAWAY PSS VAAW VLS R NS A VA A vaaw EO RPN e

sums of vectors x+y, where xe L, and y e L,. This set of vector

sums is called the direct sum of supports L, and L, and is written
as follows: | ' -

Lyp=L;®Ly#L,+Ly (10.17)

Suppose, for example, that statement A4 is that the vector I
points along the x axis and statement B is that it points along the y

axis, whereas statement C is that it lies in the x, y plane. Statement
A+EB 1is then that the vector z has the form

A= + ¢y, (10.18)

where 7, and 7, point along the x and y axes, respectively, and ¢
and ¢, are constants. In other words, statement A+B=C is that the

vector z lies in the x, y plane. (We recall that, in classical logic,

proposition A+B is that the vector ji points either along the x O
along the y axis.)
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10.3 Impossibility of imbedding of quantum mechanics
into any classical theory

We shall now show that it is impossible to introduce hidden

parameters into quantum mechanics [102]. The proof is based on
the fact that the cause-and-effect rclation 4 — B may be violated
as we pass from the classical logic to the quantum one. It is not
admissible if we demand that some new classical theory should be

the foundation of quantum mechanics.
We shall now prove the impossibility of hidden parameters

- A

by reducto ad absurdum. Let us suppose that quantum
mechanics has some classical foundation. For any statement 4 in
quantum theory there will then be several statements 4(f) in

classical theory, where & is the value of some hidden parameter
that uniquely determines the results of arbitrary measurements.

In quantum phase space L, statement 4 corresponds {0 a set
of vectors (L, is the support of the statement). In classical phase
space Q, a set of vectors corresponds to the same statement
(Q ) is the support of statement A(£)). The hidden parameter &

then runs through all values compatible with the quantum

statement 4.
The cause-and-effect relation 4-—>B means In quantum

theory that the support L, of statement 4 is the subset of the
support L, of statement B:

L,cL, (10.19)

Similarly, in the proposed classical theory with .hidden
parameter £, which is the foundation of quantum mechanics, the
cause-and-effect relation 4(¢)—> B(¢) means that the support € )

of the statement A(¢) is a subset of the support Q) Of statement
B(¢)
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Q) < Qi) 3t 1kl T ¢ (10.20)

The cause-and-effect relation 4 — B then means that (10.19)
and (10.20) are equivalent.

To refute the hidden-parameter hypothesis, it is sufficient 1,
provide at ieast one exampie, in which (10.19) and (10.20) are not
equivalent. For this purpose we consider three vectors z,,, i,
which lie in the same plane. Suppose that statements 4, B, C are
that the system is in state f,, ,u2 s, respectlvely Speculating as in
10.2, we then rmd

LocL,®Ly=L,, (10.21)
Hence
C—>A+B ' (10.22)

On the other hand, in the classical loglc the corresponding
formula would be ‘

QccQ,,, (10.23)

It is invalid as it was proved in 10.1.
We see that cause-and-effect relations can be violated, so that
there is no classical theory, that could serve as the foundation for

quantum mechanics, 1, ¢., hidden parameters are impossible.



Chapter 11

The principle of causality

-a S at S

own dcfinition of causality, even if hc has not

succeeded to formulate it clearly”.
Mario Bunge, ([135], p.46)

" - - ; . . .
Almost every philosopher and Scientist uses his

11.1 Manifestations of causality
The principle of causality has many manifestations:

1 Deaterminicm: cance uniomely determineg effect

LAe ArWwEwALLiARASARVALAY Wisvnans = e G o

2. Materiality of cause: cause must be material.

3. No action at a distance: cause has a direct effect only on objects
in close proximity. Interactions propagate with finite speed.

4. Asymmetry of time: cause always precedes effect.

5. Materiality of memory: the Past influences on the Future only
through the Present.

6. Ultimate goal: nature achieves its goals in the shortest way.

7. Anthropic principle: if world constants would have other
magnitudes the existence of intellect beings would be

Impossible.

8. Le Chatalier-Braun principle: existing physical systems are
Stable against external disturbances.
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9. Incxhaustibility of matter: any physical law 1s consequence of

some deeper law.

11.2 Determinism

Determinism prevails 1in classical mec!nanics: .. The laws
governing the external would were considered comple?e n the
following sense: if the state of objects at a given time 1s known

: tato n 11
COﬂ].plCtC}y, then the’-r gtaie ai SCILT dsuuvvy

determined by the laws of nature. It is this that we have in mind
when we speak of causality" ([17], vol.4, p.317). ‘

The situation is quite different in quantum mechanics: "When
an observation is made on any atomic system that is in a given
state, in general the result will not be determinate, i.e., if the

. .
. nt fimo 1ig ramnlat

4 cATIO r‘nl‘\vanneu.b ume is U\Jlllylvuelv

v

s L A idanfinral ~AAand
cxpernment 18 repeated several times under idenfical congitions

several different results may be obtained" ([76], p.13). For
example, when an electron having a definite momentum passes
through an aperture in a screen, it can reach amy point on a
photographic plate placed beyond the screen. Quantum mechanics
provides us with only the probability of finding the electron at
different points on the photographic plate.

However, there is a fear of admitting the absence of

determinism in quantum mechanics because it somehow identified
with absence of physical law.

It is then said that the principl
quantu{n.mechamcs, but it is quantum mechanical, or probabilistic
detenmm,s:m. In other words, the absence of determinism IS
renamed "quantum mechanical determinism". It is the same as t0

say that every man is bald, however, in some cases the bald spot is
covered with hair, -

In our view,
dcterminism  sinc
millennia.

there. is little point in reversing the meaning of
e this word has a history stretching OVeT
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Of course, certain elements of determinism remain even in
quantum mechanics.
The variation of the wave function with time is determinate.
However, the wave function gives only probabilistic predictions

for the behavior of a micro-object.

It is precisely in this sensc that we speak of the absence of
determinism in quantum mechanics.

... Despite the successful application of quantum mechanics
to many practical problems, there are still serious doubts (and not
only in philosophy!) about the final significance and self-
consistency of the quantum mechanical formalism. These doubts
are serious enough for some physicists to consider that,
eventually, a new and intuitively more acceptable picture of the
world wiil replace quanium theory which will com€ 1o scen as a
set of recipes capable of yielding the correct answer under the
experimental conditions attainable in the twentieth century”
([136], p-671),

Einstein considered quantum mechanics to be an incomplete
and temporary theory because the basic laws of quantum
mechanics included randommess. This is particularly surprising
because Finstein himself did introduce randomness into quantum
mechanics in his paper on the quantum theory of radiation. "The
most important point in this paper by Einstein is the introduction
of probability into the description of a micro-object. In addition to
the probabilities of spontaneous and stimulated emission, it is
necessary to assume a random direction of emission of a photon
by the molecule, i.e. the direction of emission cannot be predicted"
(41, p-30).

"My scientific instinct, - wrote Einstein, - drives me against.
this type of departure from strict causality" ([17], vol.4, p.108).

We note that the elevation of determinism to the status of an
absolute principle is in conflict with the principle of causality even
In classical physics. It 1s referred to as Laplace determinism: "Ali
phenomecnon, even those that because of their relative

insignificance do not appear to depend on the major laws of
149
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nature, are in fact consequences of these laws, just as unavoidapj
as the periodicity of the Sun ..., all phenomena are related tq th:
past by the obvious principle whereby no phenomenon can arise
without its generating cause... We must therefore consider the
present state of the universe as the effect of the preceding state ang

o~ o ft'\r\ Y2y yov e FadPS | A 1
3 £y u Ven ¥ i = = % RO T aCOTmiy 4 St
as uiC Cause o1 {ne nexti state... A mind possessing the ku-ewledge

of all the forces existing in nature at a given time, and the relative
motion of all its components, would, if it were powerful enough to
subject these data to analysis, be able to combine in a single
formula the motion of all the major bodies of the universe as well
as the motion of the smallest atoms: nothing would be uncertain
for him; the future as well as the past would be present to his
eyes" ([137], p.10-11).

- The Lapiace determinism is often looked upon as a triumph
of science or, more precisely, a triumph of the principle of
ausality. Actually, it is a rejection of the principle of causality

because the concept of a cause includes the possibility of the
absence of a cause. If all causes are inevitable they cease to be
causes. The entire scenario of the world is then subject to
predestination. We then have neither cause nor effect, but merely a
rigid sequence of events, one after another. The analog of this in
the cinema is the sequence of frames on film which do not cause
one another, but merely constitute a series of takes that are
_photographed strictly in accordance with the script, and are
independent. The death of a hero can be photographed before his

1ot ;
biﬁll.
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We note that determinism has assumed the status of an all-
pervading philosophical principle because of the phenomenal
success of Newtonian mechanics. Some philosophers rejected the
principle of determinism before Newton, and considered it not
only false, but actually amoral because it could be used as @
- justification for practically anything, including crime.



11.3 Materiality of cause and absence of action at a distance

Newtonian mechanics does not require the principle of materiality
of cause and allows action at a distance. Actually, the law of
universal gravitation states that any motion of a body is
ransmitted by vacuum and that it instantanecusly affects other
bodies however distant. In other words, the gravitational
interaction propagates through vacuum and does so with infinite
speed, which actually constitutes a violation of the principle of
causality. That is why the mechanics of Newton was rejected by
Leibnitz: "Some men begin to revive under the specious influence
of forces. the occult qualities of Scholasticism: but they bring us
back again into the kingdom of Darkness" ([59], p.272-273).

It was well understood by Newton himself: "That one body
may act upon another at a distance through a vacuum, without the
mediation of anything else, by and through which their action and

force may be conveyed from one to another, is to me so great an
absurdity, that I believe no man, who has in philosophical matters

a competent manner of thinking, can ever fall into it" [161].

e e B

Path fromBto A
(s A |
A S Be® Be

Interaction of two bodies
Fig 28.

e

It is difficult to understand how such a considerable force can
e t.ransmitted through vacuum. If the Earth were to be held u}) ;ts
Orbit pot by the force of attraction to the Sun but by a steel caole,
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p diameter of the latter would have to be greater than the
1ameter of the Earth.

It would appear that the conflict with the principle that there ig

NO action at a distance can be avoided by saying that gravitation

propagates with finite but very high velocity, which only seems to
i b 4

ud O Inﬁfiite.
Newton maintains that his "... law must be regarded not as

final explanation, but as a rule deduced from experiment" ([17],
vol.3, p.86). However, in reality, the infinite speed of propagation

. . - - -
nf intaracrtinn e marhaninre 12 ot on mie
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generalization from observations but rather a philosophical
principle. | %

Indeed, suppose that a body 1 is at a point 4 and is at rest,
whereas a body 2 travels from a point B in the direction of 4
(Fig.28). During the time that the gravity wave leaving the point B

at th svvsts : al- N vraarh tha ctatinnaru had 1
at the initial time takes toc reach the stationary oody I, bedy 2

reaches the point B". Since the distance 4B is greater than 4B’ the
gravity wave propagating from A4 to B’ will arrive before the wave
cmitted at B at the same moment of time arrives at 4. It means that
there will be an interval of time during which body 1 already acts
on body 2, but body 2 does not act on body 1. It is in conflict with
Newton's third law which demands that the force with which
body 1 acts on body 2 must be equal and opposite to the force with
which body 2 acts on body 1.

On the other hand, it can be shown that the third law implies
the conservation of momentum. Any violation of this Law would
be a violation of the principle that motion cannot be created of
destroyed. Hence an infinite speed of propagation of interaction 1,
in Newtonian mechanics, a consequence of the philosophical
principle of conservation of motion. It means that the speed (}f
propagation of interaction in Newtonian mechanics must 10
principle be infinite.

We note that "when we use the phrase "in principle” we have
in mind a particular theory and its principles that allow some
things and forbid others" ([5], p.140).
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We recall that, in relativity theory, gravity propagates with
finite speed, which equal to the speed of light. This manifestation
of the principle of causality is therefore preserved in relativistic
mechanics in the sense that there is no interaction at a distance.
However, we have just shown that the speed of propagation of
interaction must in principle be infinite. Does this mean that our
demonstration contains an error? This is indeed the case. The error
lies in the fact that we have implicitly assumed that only particles, |
but not field, can have momentum, so that the finite speed of
propagation of gravitation that appears in relativity is not in
conflict with the principle of conservation of momentum.

It is therefore clear that the theory of relativity is in better
agreement with the principle of causality than the Newtonian
mechanics.

11.4 Asymmetry of time

"It is obvious to everybody that the phenomena of the would are
evidently irreversible... You drop a cup and it breaks, and you can
sit there a long time waiting for the pieces to come together and
jump back into your hand... .

The demonstration of this in lectures is usually made by
having a section of moving picture in which you take a number of
phenomena, and run the film backwards, and then wait for ail the

laughter. The laughter just means that it would not happen m the
real world. But actually is a rather weak way to put something
which is as obvious and as deep as the difference between the past
and the future... we feel that we can do something to affect ?:he
future but none of us or very few of us believe there is anﬁhmg‘
We can do to affect the past... the most obvious interpretation qt
?his evident distinction between past and future and ‘chls~
uT‘“'Vi‘«rSibility of all phenomena would be that some laws, some of
e motion laws of the atoms are going one way-that the atom

“Ws are not such that they can go either way. There should be
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So I _ _ ny

m:}l{ethmg In the world some kind of a principle that uxles op
ke Wuxles, and never vice versa... but we have not found this

Principle yet. That is, in all the laws of physics we have found g

far there does not seen to be any distinction between the past anq
the futurc" ([34], p.96-97) |

& NaUrYI v at s 5 ~ ar 1 tha g
a¢ asymmelty of time does not appear in the equations of

either classical or quantum mechanics. Indeed, Newton's equations
of motion are unaffected by time reversal. On the other hand, time
rcversal makes cause and effect change places. Classica
mechanics enable us not only predict the sclar eclipses but also to
determine the time and the place of previous eclipses (for
example, it is possible to deduce a more accurate date and place
for the solar eclipse described in The Lay of Prince Igor). The
requirement that cause must aiways precede effect is used as a

boundary condition for the differential equations of classical

v
TR ‘l\ﬂﬂ razal
inecnanics.

The asymmetry of time has the same status In quantum
mechanics® We note at this junction that the role of time
asymmetry 1is quite different from the role of the above
manifestations of the principle of causality. Determinism,
materiality of cause, and action at a distance are either already
incorporated in the postulates of the theory or are in conflict with
the theory (we have shut our eyes to this difficulty). As far as time
asymmetry is concerned, this must be formulated explicitly when
the corresponding differential equations are solved. This is the
reason why physicists usually understand the principle of causality
as only asymmetry of time: "... we must also satisfy the principle
of causality which demands that any event that has occurred in the
system can influence the evolution of the system only in the

future, but cannot effect its behavior in the past" ([139], p.192)-

% In quantum mechanics, the replacement of 7 with -¢ means that the wave function {7 must b¢
replaced with the complex conjugate Y/ *, but this has no observable effect.
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11.5- Materiality of memory

Very briefly this principle may be formulateq as follows: the Past
influences on the Future only through the Present. We illustrate it
by an example: properties of a solid body depend on its history.
Elasticity and plasticity of a sample, for CXample, of steel are

\fb, A W

different for cast steel, chilled steel, tempered steel, cold-rolled

steel, and so on. Exactly speaking, properties of the steel depend
on its present micro-structural state rather than on jts past history.
The past l?.zstory influences on properties of the sample through its
present microstructure.

In Newtonian mechanics the equation of motion has the form

)

d*F

dr?

F(F.1). (11.1)

It is the differential equation of the second order. Therefore its

solution at £~0 depends not only on the 7 at /=0 but also on the

% at +=0. Remembering that

&F_ #(t)-F(t - Ar) (112)
dt A0 At

we see that movement of the particle depends not only on the
value of 7 at =0, but also at the time £ = -Ar. e

This apparent conflict with the principle of materiality of
memory was removed by Hamilton. He considered momentum
P=mb as characteristics of the present state of the partlcle: In thf:
Hamilton's formulation of Newtonian mechanics the coordinate 7
and the momentum p are treated on the same footing. The

Hamiltop equation
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dr _ OH .

dar op
dp " OH ' ‘
Lt BF L ~ (113)

contain 7 and p in the same way.

They may be even interchanged by transforming 7 into 3
and p into -7 S RS

We may say that according to materiality of memory

evolution of any physical system must be governed by a
differential equation of the first order ‘

L - o(f) - (11.4)

Here fis a function which determines the statc of the system.
If the governing equation has the form

2
%{me ‘ (115)

then fis an unsufficient characteristic of the system. It must be
supplemented by some additional variabies.

i1.6 Ultimate goal )

. Enumerating different manifestations of causality Aristotle
mentioned expediency: why does a calf have horns? In gider 10
defend himself from wolves. Here a causc is inverted in time:

Drocons

Ieseii aepends on the Future rather than on the Past. In reality, of

2 Ssik WL

course, the Present depends not on the Future, but on the Past.

Such expe.dier.lcy Was explained by Darwin: only that beingS
survive which is adjusted to the environment.




In the Middle Ages the ideas of Aristotle were reduced to
absurd by scholastics: "A ran cxists to be boiled in a soup; a
donkey .has long ears to be distinguished from a man; finaily, the
man exists to eat ran soup and to be different from donkey"
(Holbach, teleology). -

In the 17-th century the principle of expediency was revived in
the form of "Principle of thrift" [140] - "Nature achieves its goals
with the simplest means" [141] (Variational Principles of
Mechanics).

The simplest example of variationai principie occurs
when a material point moves inertially being attached to a sphere.
In this case the point moves along major arc of the sphere, i.c.
along the shortest way between two points.

The variational principles produced a rough discussion of
philosophical character. "This interest to the principle of minimum
was based on the metaphysical idea, that supremacy of Deity is
revealed in Nature. Therefore in the base of every process in
nature an intention lies to achieve a definite goal. This goal is
achieved in the shortest way, by the simplest means" [142].

In reality a stationary point takes place rather than
minimum. So the point which moves along major arc of the sphere
moves by the longest way if this way exceeds half of the length of

1 faracioht Anld nat ant
i wi

cammantly Toigiic vuiu 1avLr a

1 " d;‘TIﬂD
the major arc "Consequently, divine I0

beyond half of a major circle" [142].

11.7 Anthropic principle

The ultimatc goal was revived last time in the form of
anthropic principle. For instance, the question is: why eleptrog
Charge equals to  e=1.6x107" Coulomb? The answer 1s: 1l
electron charge would be more by an order of magnitude, then the
Mass of star M, which is necessary to maintain self-sustaining
thermonuclear ’reactions, would increase by two orders of

\ _ o
Magnitude. In this case the stars with the mass of the order of Su
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Mmass would not exist at the present time. The stars with such mag
exzsted earlier would have collapsed forming white-dwarf and
pulsars {143}, {144]. . ,

Sometimes the stronger principle is used [87]-world constapg
must have such magnitude that existence of an intellect beings
would be possibie: "... "we know in our bones” that the lifetime of
the proton must be greater than about 10'® yr otherwise we would

not survive the ionizing particles produced by proton decay in our
own bodies" [145].

11.8 Le Chatelier-Braun principle

One of the varieties of ultimate goal is the Le Chatalier-Braun
principle. We illustrate this principle by an example: if a rubber
plait is stretched it heats himself. On the contrary, if the plait is
heated it shortens ([146], p.162). -

.. In general case the Le Chatalier-Braun principle runs as
follows: if one factor in an equilibrium changes, the equilibrium
shifts in such a way as tend to annul the effect of the change.

In electrodynamics the Le Chatelier-Braun principle takes
form of the Lenz rule: all induction effects are in a direction to

. A - c
oppose the cause preducing them. For instance, if a magnet moves

into a solenoid the current is excited .in the last which creates
magnetic field with opposite direction.

The Le Chatelier-Braun principle expre

r~ -

stability of the system. For instance, if stretched rubber plait
: | . y

- 14 h + 1tonlf ol Antad wlas s e il

would ncat itscit whereas heated plait would stretch itself, then an
. . 1«

arbitrary fiuctuation of the plait length would increasc indefinitely

11.9 Inexhaustibility of matter

 We now tumn to the principle of inexhaustibility of mattel
which states that any physical law must have its own cause, i-€»
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deeper law. :

| Every theory 18 l?asc'd‘ on Somc postulates, i.e., on propositions
that cannot be expiained by this theory. It means that, aii theories
violate the principle of causality. Newton's cor’xternporarie
rejected his mechanics because it wag based on "strange's'
postulates that had no explanation apd invoived the causeiess
motion of an isolated body traveling with constant velocity, and
the causeless mutual attraction of all bodjes: " why do b:)dies
continue rl}oving once they start, and what is the origin of the law
of gravitatlgn-aii 1t was unknown" ([12], vol. 1, p.40).

The principle of inexhaustibility of matter means that the
subdivision of physical theories into fundamental (microscopic)
and phenomenclegical (macroscopic, i, consequences of
fundamental) is temporary in character. A theory can be
fundamental only at a given level of development of science.
When a more fundamental theory subsequently appears, the earlier
fundamental theory becomes phenomenclogical. However, the
new fundamental theory always contains postulates that are its
phenomenological elements.

For example, Planck's constant is introduced into quantum
mechanics phenomenologically i.e., without any explanation. The

main point is, however, that the basis of quantum mechanics-its
probabilistic character-is postulated; in other words, the random

character of its laws has no cause ([147], p.46-47).
The postulates of quantum mechanics should have a cause:

"We cannot be sure that the equal charges of electrons are the

resuit of pure coincidence: this fact shouid be fundamental in the
h

N
natural scheme and
o

r |
aX‘;(;maﬁC basis Of whootna!! (r1‘7}’ ‘\”01-49 p'lJ
Quantum mechanics which are often treated as absolutely t-ru(;.laws

"Acc ording to modern thought, even the best of 'phy:;cnato e
O not assert an absolute truth, but rather an ap proxumat
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truth. A physical law is regarded as a model for a certain

nature, asscrting not so much what nature is but rather w
nke" [143]. it

Part of
hat it is
":.. it was perfecily sensible for the classical physicists tq 20
happily along and suppose that the concept of position - which
obviously means something for a baseball-meant something ajg,
for an electron... Today we know that the law of relativity i
supposed to be true at all energies, but sometime somebody may
come along and say how stupid we were. We do not know where
we are "stupid” uniil "we outgrow ourselves” ({12}, vol.3, p.234),
' Let us now consider an alternative point of view, in which the

number of laws of nature is finite. It is based on the analogy with
geography.  The middle ages produced great geographical
discoveries: new continents, seas, and even oceans were found for
the first time. However, by now, the surface of the Earth is fully
explored, except for a few particularly inaccessible areas. A new
continent will never be discovered again.

The entire body of modern physics can now be reduced to four
types of interaction, namely, electromagnetic, strong, weak, and
‘gravitational. A unified field theory is being created at present and
will combine all four interactions. Opponents of the principle of
‘inexhaustibility of matter say that the development of the unified
theory will spell the end of physical science. Physics will then
develop, they say, exclusively by expanding its application.
Fundamentally new theories will no longer appear.

Pascal assumed that infinity small and infinity gross have the
same structure and differ only by scales: "From this point of view
we must encounter in all levels the same aspects of reality ©0
which the same notion may be apnlied

i F4 Py AsNs ALK ALAuJ LY A v Mtjt.lj.l.\/“-

‘into another, - absolutely identical, but diminishing in sizes @
and more" (Paul Langevin, [149], p.361). fier
: : . . . . e

Here is an illustration of this point of view by a Verse a

Valerii Bryusov [150]:
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"We may assume that electrons
Are tiny worlds with dolts and genii,

B 14 71 1
The worlds with arts, with wars and thrones,

With memory of four millennia”.

We believe this point of view to be wrong. The more the scale
of phenomenon differs from dimension of our body, the more its
laws differ from the habitual laws of classical physics.

Opponents of the principle of inexhaustibility of matter say
that the world must not be similar to a matryoshka-one of those
multiple Russian dolls, nestied one inside the other. Howcver, this
is not an argument but mere sophistry. One could just as well
object to a spherical Earth on the ground that it should not be
similar to a Watermelon.

We suggest that matter is similar to a matryoshka not in the
geometric, but in the causal sense. We do not say that all particles
consist of a smaller particles and the latter in turn consist of still
smaller particles, and so on ad infinitum. We merely say that any
physical law is a consequence of more fundamental laws.

We have shown in 9 and 10 that it is impossible to construct a
determinate theory that leads to the same observational results as
quantum mechanics. A more deeper determinate theory should
therefore be able to predict other experimental results. At the same
time, for the parameter values accessible to modern science, the
more fundamental theory should pass over to quantum mechanics.
This more fundamental future theory will violate other
philosophical principles because it will not be fundamental either.

The more fundamental theory will be even "stranger" than

uantum mechanics because i+ will he even more remete from our
1 1 1 »
now ne saw 4a

everyday experience. Niels Bohr was once aske
ntal theory. He

hypothesis that was claiming to Icad to a fundame
replied: "It is not lunatic enough for the purpose”. i

The theory of relativity has now invalidated Newton's action
at a distance which is in conflict with at the principle of qausahty.
H.Owe"er, in Newton's time, attemplts to reconcile action at a
distance with causality were just as hopeless as any attempts today

o reconcile quantum mechanics with determinism.
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Chapter 12

Concepiuai aspects of quantum mechanics

\\

"Yon have written that a man derives from some
kinds of monkeys such as marmosets, orangutas,
and similar creatures. Please, forgive the old map,
but I cannot agree with you to this important point of
view and, indeed, I should ask a question in retur

- If a man, the dominant figure 1n the world, the most
intelligent of all mammals, bas descended from a
stupid and ignorant ape, then he should have a tail
and an uncultivated voice. You have written and
published in your erudite essay... thal even the
largest star, the Sun, has black spots upon it. This
can not be, because it can never happen for what is
the purpose of such spots if there is no nced of
them‘?"

"7 Anton Chechov, "4 letter to a learned neighbour".

12.1 The micro—world versus its macroscopic description.

"Bohr's suggestlon that the quantum-mechamcal description of
the properties of an atomic object must be combined with the
classical description of the means of observation (i.e., the
apparatus) has played an essential role ... in the interpretation of
quantum mechanics. In his papers devoted to fundamental
questions in quantum mechanics, Bohr insisted that it was
essential to consider the experiment as a whole, and to extend 1ts
description to include instrumental readings" ([11], p.463).

Thus, in his discussion of the Einstein-Podolsky-Roset
paradox, Bohr conszdered the passage of an electron through a0
aperture and wrote: "... We start by assuming that our screen with
a slit cut in it, the second screen with several slits parallel t0 the
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first, and the photographic plate are initially rigidly coupled to a
heavy basc... But we could have used a different apparatus, in
which ihe first screen was not rigidiy coupied io ihe iest of the
apparatus’ "({13], p-183).

If the screen is ngldly coupled to the base, the transverse
coordinate of electron passing ithrough its siit is determined, but
the transverse component of its momentum is not. On the other
hand, if the screen is "not coupled to the rest of apparatus” the
transverse momentum component of the electron crossing it is
zero while 1ts transverse coordinaie is undetermined. In the first
case we have an electron with a particular position coordinate, but
undetermined momentum, whereas in the second we have an
electron with a determined momentum, but undetermined position.

"The recording of observations"”, wrote Bohr, "reduces in the
final analysis to the creation of the stable marks on measuring
devises, e.g., spots on a photographic plate, produced by an
incident photon or electron" ([13], p.603).

This feature of quantum mechanics is often made absolute.
Quantum mechanics is then treated as a science limited to the
study of the interaction between a micro-object and a macroscopic
device, and no attempt is made to examine the micro-objects itself.

"The "output" of any instrument always presents a
macroscopic phenomenon: the rotation of a pointer, the formation

of droplets in the Wilson cloud chamber, the blackening of a

photographic emulsion, and so on... . It is therefore correct to say
that quantum mechanics mvmfwafes the micro- world in so far it

reiates to the macro-worid. Macroscoplc (classical) nstruments
present us with reference systems in n which the state of micro-
Systems ig A"ﬁneﬂ in quantum theory" (|5], p.84).

The analogous point of view is encountered in mathematics. It

is said that "we cannot understand infinity because our brain is
finite". However, if we were to argue thlS way, we would
conclude that we are unable to recogmze rams because we are not

Iams ourselves.
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Indeed, the statement, that a micro-objects must always pe
treated in relation to a particular mcasuring instrument is confineg
to phiiosophical publications which Bohr himseif referred to a4
"pseudorealistic" ([13], p.414). -

- Descriptions of real experiments that involve the micro- worlq
ofien employ expressions such as "a 100 MeV proton" or ",
hydrogen atom in the S-state". Thc associated macroscopic
apparatus is very rarely described, i.e., little reference is made to
the way in which these states are produced and measured.

An electron with momenium 7 is described by the wave
function : '

y = exp\ip? //h)
and not in terms of the readings of macroscopic instruments.
Indeed, this formula is valid for any method of observation.

We are forced, say the supporters of the absolute interpretation
of the role of macroscopic instruments, to describe quantum-
mechanical objects in the language of classical physics, which is
the language of our instruments and also the language in which we
think. This again is incorrect. Indeed, the language of instruments
is the language of milliamperes, the number of counts, the

- . f‘q.nlr
blackening of photographic plates, and so on. However, we think

in the nonclassical language of quantum states, Pauli's principle,
and so on. It is only in the above philosophical paper by Bohr

([13}’ pdld_.) that he describes the "first screen™ +h

o nA -
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which it is supported when the state of the electron is measured.
e * . - “‘C
- The recording of the experimental results in the form ol

+ ~~ :ﬁ

. . . . +L
instrumental readings or spots on a photographic plate is

function of a laboratory assistant and not of the research scientists-
The latter is more concerned with the interpretation of the
experiment, i.e., with drawing of certain conclusions about the
properties of the microobject "as such". No journal will accept for

publication a report confined to the description of "spots Of ’



photographic plate”. Potential authors are wamed about this tor
cxample, in the editorial note in Physical Review Letters. ,

Of course, the readings of macroscopic insiruments constitute
the final stage of any experiment, but this does not mean that the
physics can be reduced to instrument readings. Indeed, every
experimenter has not only a pair of eyes but a head too!

Similarly, algebraic derivations end in formulas that relate
Latin letters such as a,b,c, and so on, but this does not mean that
algebra is reduced to Latin. .

"...Excessively underiining of the role of apparatus gives
occasion to reproach Bohr in underestimating necessity of
abstractions and in forgetting that there are investigated properties
of microcbject rather than the reading of a measuring device in
physics. The properties of atomic objects such as charge, mass and
spin, the form of the energy operator, and the law describing the
interaction of particles with an external field, are, on the one hand,
completely objective and can be treated separately from the means
observation, and, on the other hand, they require new quantum-
mechanical concepts for their formulation. This applies in
particular to the formulation of the many-body problem"
[V.A.Fock ([11]. P.463)].

Feynman was also against attaching absolute significance to
macroscopic instruments: "It is not true that science can be
constructed by using only concepts that are directly related to
experiment. Indeed, even quantum mechanics operates with both
the amplitude of the wave function and the potential, as well as
other mental constructs that cannot be measured directly” ([12],
vol.3, p.233).

"Every observation", writes Heisenberg,

Ya 14 »

discontinuous  change in  the mathematical ~ quantities
characterizing the atomic process and, consequently, to an.abrupt
? change in the physical phenomenon itself... For heavy bodies, for
¢xample, planets revolving around t
Sunlight which is reflected from their surl
Necessary for observation plays no part in thi
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Very .small particles of matter, each observation does affect the;
physical behavior because their mass is so small” ([151], p.27-2g)lr
o Here - We - encounter  two - different entities, nameiy.,
vbservation” and "physical process”, which are in conflict wig,
t‘I}e alleged absolute role of macroscopic description. These tw,
different entities correspond to. two different mathematicy
formalisms. - Thus, the Schrodinger equation describes the
evolution of micro-system as such, and without interaction with ap
observer or a macro-object. On the other hand, the reduction of the
wave packet describes the process of measurement.

12.2 1Is the wave fun
i

T
n the observer's possession?

It is sometimes said that the wave function is only an
information about a objects. Of course, any record constitutes
information. More than that, any additional information about a
micro-object forces us to modify the wave function (6.3 and 6.4).
However, the supporters of the "informational interpretation of the
wave function” would make us believe something more: they
maintain that it is meaningless to speak of the state of a micro-
object and that we can only say something about information. The
question is: information about what? If this is information about
the micro-object then the micro-object must objectively exist
because... information is a reflection of the objective laws of
nature as represented by modern science” (F152]).

On the other hand, if this is abstract i
totally unrelated to n

describe practically anything, from the .result of a football match

ta the sunliitar
WO e evoiulion of the universe.

"Of course, we can examine the observer's knowledge of
physics (but not the physics itself), which is not our purpose here
For_ example, the observer's knowledge of a particular system may
radically change when he is hit on the head and loses his memor

quantum mecha



or when he receives new information. Subjectivists tend
the former and Aemp}.lasi._ze the latter ([103], p.371-372).

The wave Iuncztlon 1s not only information: it has an objective
meaning too. It describes the motion of micro-particies in an
external field ([4], p.129).

A common objection to the objectivity of the wave function v
is that it is not uniquely defined. The physically meaningﬁ'll
quantity 1s lyxlz and not y itself. The same observational results are

obtained when we multiply all wave functions by i or -I.
However, this is not a real objection because most mathematical

objects are not uniquely defined. For example, nothing changes if

we write é instead of-?l or _5_

2 6 10

to 1gnore

12.3 Physics and philosophical principies

"The interpretation of Bohr's ideas in the spirit of positivism,
performed by some of his successors, naturally gave rise to a
reaction that resulted in the rejection of the new ideas in the name
of materializm (de Broglie, Vigier, and so on). The principal
factor that led these scientists to reject the usual probabilistic
interpretation of quantum mechanics is the erroneous belief that
the probabilistic interpretation constitutes a rejection of the
objectivity of the micro-world and its laws..."([11],p.464).

Einstein did not accept quantum mechanics although he was
himself responsible for supplying its fundamental stone (the
theory of the photoelectric effect): "Quantum mechanics is the
last, highly successful creation of theoretical physics... . The
Quantities that appear in its laws do not claim to represent .p.h-yswal |
reality itself; they provide only the corresponding probabilities... .
Lam nevertheless inclined to think that physicists will not fqr 2
long time be limited to such an indirect description of reality

([153], pp.243-247).

167




Binctea: -

deterministic ang not rancamental laws of nature shoug y
existence of fund encom. However, we noted in 11.5, thag g,
" e amemafi laws of nature wouid be in confljct With
t € principle of causality because a fundamental law is a law
thnopt Cause. On the other hand a fundamental that cap be
explained ccascs to be fundamental. We can illustrate this by the
law governing the free fall of a body on the Earth. Aristotle
explained this by saying that a body raised above ground tends to
relurn to its natural position, i.c., to the Earth's surface. However
this does not explain anything because it is not clear why a bod):
raised above ground is in an unnatural position whereas a body

resting on the ground is in a natural state. Such exnplanation

Troun ApatiaG LLVALS ‘vxvrere

very popular among scholastics. They were ridiculed by Moliere:
n one of his plays, a scientist says: "Opium makes you sleepy
because it has a soporific effect”.

Actually, the free fail of bodies is a consequence of Newton's
law of universal gravitation. It can be shown that, according to this
law, not all bodies fall to the Earth: the Moon does not, nor do
satellites. When its velocity is high enough (much higher than was
possible in Aristotle's time), a body raised above ground may

actually leave the Earth. Thus, having explained the law of free
£all fAr all hadiae wra hax 1 loaerr

fall for all bodies, we have shown that this law is generally invalid
because it tums out that not all bodies undergo free fall.
No individual physical theory can be absolutely true. All such

. - * L] 2 ]',
: mitad £ Tidie: "7 oo 4 tlant ctriot
theories have a limited raige OI vaddity. 1 SUgEest uidi, Sulivily

speaking, and with the exception of mathematics, there are 10

< < fem il M RA T L. TALCTY
inviolable principles” (M. Born, [45]).
A Lmmatme fmcrcre -

Ve o o Fe Ve ~

All theories involve a degree of distortion of reality. Evely
physical theory 1s in conflict with some experiment (possib}f: Oﬂe’
that has not yet been performed). Moreover, every physical theory
disrupts some existing connections and thus contradicts.ceﬁﬁll:;
philosophical principles ([154]). On the other hand, "a}l princip "
known to us are mutual incompatible, so that some things have
be rejected" ([34], p.147).
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While building a new fundamental theory one cannot base
himsell upon old physical laws. Therclore the new fundamental
theory cannot be created without guidance of some philosophical
ideas. But "we can't be terrorized by the verdict "philosophically
false". It means only that the new physical laws which appear now
disguised as philosophical principles with pretensions of eternal
validity” ([135], p.175). |

"The test of all knowledge is an cxperiment" ([12], vol.1,
p.47).

Philosophical principles change themselves with elapse of
time. They otten transform themselves into contrasts. For instance,
at the time of Aristotle and later till Newton there was belief that
two kinds of physical laws existed --- celestial laws and terrestrial
laws: "The heavenly bodies and their motions were contrasted, as
incorruptible and immutable , with the corrupt and ever-varying
things of earth" ([91], p.32).

Only Newton rejected the principle of distinction between
terrestrial and celestial laws. Even Galileo wrote about two laws
of inertia: 1) terrestrial bodies move uniformly and rectilinearly;
2) heavenly bodies move according to inertia along closed paths.

On the contrary, now it is assumed that all physical laws
acting on the Earth are true in arbitrary point of Universe (the
Cosmological Principle).

Quantum mechanics is in conflict with determinism: single
events are not determined. Newtonian mechanics was in conflict
with the asymmetry of time, the maleriality of cause, and the
contact interaction.

Heiscnberg considercd quantum theory to be unsatisfactory
because in this theory the philosophical principle of nonlincartty 1s
violated, According to this principle all lincar laws are gnly the
first approximation in description of nature: "As nonlincar{ty plays
S0 important role in nature it is possible that we shall be mrccq o
feplace even such essentially linear theory, as quantum mechanics,

by nonlincar one" ([156]).

169

&
%
g
s
&
=
i
z
s

rany

ar

3¢ B "1 1

ks itk Al




ery physical theory can contradict philosophical

¢ oy : o
However, it {imitation on a physmal theory that

principles, 18 there some

coiiows from phiiosophy? L . AP
© We thinkpthat sole obligatory pnuosopmcal principie 1s the

principle of objective reality. Extema.l to hl{man being reality is
assumed to exist, whether Of not it is observed by someone.

12.4 Statements accepted as a true without proof.

All explanations that are based on some initial assumptions are
believed to be correct, i.c., they are based on postulates. The
conditions that such postulates must need are radically different

ver ALY VW

for laymen and for scientists.

For a layman, a postulate must be obvious and readily
visualized. Moreover, the layman is not bothered by the fact that
different postulates are required to explain different effects.

On the contrary, in science, we should be able to explain ail
known effects in terms of small number of postulates. It is,
however, practically impossible to ensure that the postulates are
obvious or readily visualized. The further we are from our
everyday experience, the stranger the postulates are.

The merit of Newton consists not only in formulation of

fundamental laws of physics and creation of higher mathematics.
Newton was the first to carry out an axiomatic construction of a

nhyrcinal thanmr arnie nn 1 . !
1ysiCa 1M onantates £ Thal-1_ 135 .y
| s Rl | such as in gLOMCUY OI LuUKie idés (Eui\h‘: ides

made a distinction between postulates and axioms. Postulates are
SV (R P S S o % Pty (o s - : )

initial statements which are specific for the theory. For instance,

il e vl daren canlundn alivrnern : . . .

tarougn two points aiways single siraight line passes". On the

(.:??t_iar)_,_’ axioms are logical rules for deduction. For example, "if
wud quantities are added 10 equal ones, the result will be equal”.

e do not make distinction between | i
The ch n bet postulates and axioms).

Character of axioms in phvsics i i i

physics is opposite to theu

h . h
Character in geometry of Eukleidss. Namely, in Eukleidian
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geometry an axiom is a truth which is so evident that no proof is

CYartal

11Cid.

In physics axioms do constitute a basis of theory. They are far
from immediate perception and therefore they seem to be wild.

The axiomatic character of Newton's physics was criticized
sharply by both philosophers and physicists. For instance,
philosopher Berkley wrote: "Can conclusions be scientific when
principles are not evident? And can principles be evident if they
cannot be understood?" ([155], p.172).

On the other hand, physicist Leibniiz aiso denied the
axiomatic construction of theory, because it contradicts to the

causality principle: “Some men begin to revive, under specious
influence of force, the eccult qualities of Scholasticism; but they
bring us back again into the Kingdom of Darkness “. (see [59]).
However, it is impossible to construct any strict theory without
introducing of axioms, i.e., without disruption of the cause-effect
chain. Yoot Telue:
Axiomatic construction of theory makes it to be abstract:
"Contemporary and subsequent criticism of Newtonian mechanics
(including criticism by Huygens and Leibnitz) was largely
concerned with its abstract construction, just as Maxwell's
electrodynamics, Einstein's theory of relativity, and, especially,
quantum mechanics were subsequently criticized for their high

\rl Adwewsrsaan Aw wasveana

degree of abstraction, and were regarded as
difficult to visualize..." ([157], p-55).

"In the beginning of the history of experimental obser.vati-op,...
or any other kind of observation on scientific things, it is intuition,
which is really based on simple experience with everyday objects,
that suggests reasonable explanations for things. But as we try to
Widen and make more consistent the description of what we see,

as it gets wider and wider and we see a greater range of
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p}mnomena, the explanations become what we call laws insteaq
g:m?,lc cXpianations. One odd characteristic 15 that they oftep Scﬁof
10 bccome more and more unreasonabie and more ang m»m
intuitively far from obvious... | e
There is no reason why we should expect things g
otherwise, because the things of everyday experience... involye
conditions that are special and represent, in fact, a limiteé
experience with nature. It is a small section only of natur)
phenomena that one gets from direct experience. It is only through
refined measurements and careful experimentation that we cap
have a wider vision. And then we see unexpected things: we see
things that are far from what we would guess - far from what we
could have imagined. Our imagination is stretched to the utmost,
not, as in fiction, to imagine things that are not really there, but
just to comprchend those things that are there" ([34], p.115-116).
In the seventeenth and eighteenth centuries, two theories
were put forward to explain the motion of celestial bodies, namely
the theory of Descartes and the theory of Newton ([158], p.93-95).
Descartes considered that the necessary postulates had to be
visualized and obvious. Similar demands were introduced at the

beginning of the Renaissance: the starting point should be reason
and not religious dogma. = :

" The requirement that the postulates had to be obviou

[

readily visualized was a step forward as compared ‘with blind

faith. However, it had to be regarded as idealistic because thought
and not experiment was regarded as primary

nary.
principal instrument of cognition was considered to be intuition.
Descartes derived the properties of nature by reasoning. FoF

4 AL

Moreover, the

—asy

o ! - - N ,'c.
example, nature's abhorrence of vacuum was justified as follows

Matter is extension, i. e., space. Vacuum is impossible becal
one cannot imagine a place in the universe in which i
space with length, depth, and width.

Descartes considered that matter was inert and passive: The
followers of Descartes rejected inertial motion and attraction at 2

distance because they considered them to be causeless.
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Descartes thought that natural motion is not rectilinear (which
could not'bc dl'rcc%ly observed) but circular because it could be
seen on the cele;stlal sphere. According to him, aii pianeis are
brought into motion by vortices in the ether.

Descartes confined himself to a qualitative explanation of the
motion of cclestial bodies and made no attempt to explain
quantitative rclationship, such as, for example, Kepler's laws of
motion.

In contrast to Descartes, Newton considered that experiment
was the exciusive source of our knowledge. Theory arises only as
a generalization of individual uncoordinated facts.

According to Newton, the rotation of planets around the Sun
are due to the laws of inertia and the force of universal gravitation.
This force acts instantaneously and always points in the radial
direction, i. €., at right angcls to the orbit, which roughly speaking,
can be regarded as circular.

Descartes’ postulates seemed natural because they involved
interaction by contact. Uniform motion required the constant
application of a force pointing along the trajectory. On the other
hand, Newton's law of inertia seemed strange because motion with
constant velocity required no cause.

Next, Newton's second law made use of previously unknown
and strange idea, namely, that of acceleration, i.e., the derivative
of velocity or, in other words, the second derivative of position.
To formulate his second law, Newton had to create the differential
caleulus - a new branch of mathematics. Integral calculus also hz}d
to be created by him to solve the equations of mo_tion that arose 1n
this way. The differential calculus and the integral calculus
seemed to Newton's contemporarics to be so complicated that they

1% A ANC VY vasL L2 RY AN

were combined under the respectful title of "higher mathemghcs".

"In his researches, Newton always employed his new
mathematics, but when he presented his results he often used the
old synthetic method of presentation in order to avmf:l placm%
technical complexities in the way of an appreciation of his results
([157], p.61)'
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Many ' of Newton's contemporaries rejected ip

Stantan.

- - 3 eo

attraction at a distance. "The advance of scicnce”, wrote Ma"l:xs

" 11 1 1., 11 1 4 ied it [ i e

would undoubtedly be impeded if We Were to abangqy tn
e

assumption of action at a distance because we have no trye or e
apparent explanation of it" ([3], p-245).
- The advantage of Newionian mechanics was thgy it leg
directly to the three laws of Kepler. However, the force acting
along the radius produced circular motion. This conclusioy was
obtained by long abstract calculations and was therefore
unconvincing. The fact that ali planets revolve in the same sense
was obvious in Descartes theory, but required the application of an
abstract theory in Newton's case. :

Newtonian mechanics seems to us understandable and natiral

n

ven

ula

because we first encounter it in our childhood, when we are prone
to instinctive imitation and our critical faculties are not fully
developed. Newton's contemporaries, on the other hand, gave his
theory a hostile reception. . -

Today, the remnant of the lively disputes between Newton's
and Descartes' supporters is the unit of length, i.e., the meter

which was defined as ——th part of the length of the Paris
40000000

meridian. However, this unit of length was very inconvenient in
practical applications and was soon replaced by the distance
between two marks on a platinum-irridium rod used as standard
The length of the Paris meridian is then no longer equal to exactly
4*10"m. ,
The question i

4 2AWw

[ oS

length of the Paris meridian would be very inconvenient as
standard? ‘

The answer is that it was clear. So why was the meter defined
in this way? The answer is that Laplace, who was the chairman ?
the metric commission, wished to determine whether Newton®
or Cartesian mechanics was valid. hed

According to Newton, the terrestrial globe is slightly stretc o
at the equator by centrifugal forces, whereas Descartes prop®
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that it is slightly compressed along the equator by the action of the
ether. Two very expensive expeditions, onc to the equator and the
other to the poiar region, were proposed as means of veiifying
who was right. To organize these expeditions, Laplace proposed
that the unnatural unit of length commonly used at the time,
namely, the length of Charlemagne’s foot, should be replaced with
a natural standard, namely the length of the circumference of the
Earth. Expeditions were dispatched to Brazil and Finland, and
confirmed that the Earth was stretched at the equator, thus
verifying the validity of Newion's theory.

However, while Newton tried to understand the motion of
celestial bodies, assuming it as given, Descartes speculated how
the universe evolved to its contemporary form and structure,
having originally arisen in accordance with natural laws.

Since Newtonian mechanics has now been replaced by the
more rigorous relativistic theory, in which interactions propagate
with finite speed and the universe is nonstationary, we can say that
Descartes and not Newton was right. However, this is like saying
that a nonworking clock shows the right time twice a day.

Descartes' theory was obvious and readily visualized, but
qualitative in character. It contained no quantitative laws that
could be used in an experimental verification. Descartes
incorrectly guessed the laws of motion, so that his theory is

Aaae

fruitless.

Newton's strange and abstract theory, on the other hand,
rovided a highway for the development of science, by which
umanity has arrived at its present siage of civilization. .

Qur common sense has now reached a stage where Newtonian
mechanics seems obvious and readily visualized. Quantm

LIV AIR i S

mechanics, on the other hand, is still natural only for well-
prepared scientists. N

"... the main object of physical science is not the provision of
Pictures, but is the formulation of laws governing phenomena and
the application of these laws to the discovery of new phenomepa.
If a picture exists, so much the better; but whether a picture exists
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Or not is 3 matt

0.10). er of oniy se.condary importance” (Dirge P, )
“Conclusion
Quantum mechanics contradicts to some philosophicyy

principles and to the common sense. But it is the fate of every
deep theory. = RIS |

Quantum mechanics is "the only thing that provides g
satisfactory logical explanation of the dual (corpuscular and Wave)
properties of matter" ([17], vol.3, p.295-296). The predictions o

quantum mechanics have been confirmed experimentally for 5

huge number of physical systems ranging from nuclear reactors to
biological molecules. ([136], p.671).
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