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Summary

The present day quantum laws unify simple empirical facts and fundamental principles
describing the behavior of micro-systems. A parallel but different component is the
symbolic language adequate to express the ‘logic’ of quantum phenomena. This report
is the sum of both elements. Sections 1-7 present the decline of the classical theory and
the evidence of the particle-wave duality on an elementary level. In Sections 8-9 the
origin of the Schrbdinger’s wave mechanics and Born’s statistical interpretation are
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presented. The following Sections 10-23 are basically addressed to the adepts of exact
sciences. They outline the formal and fundamental problems of Quantum Mechanics,
interpretational paradoxes, concepts of complementarity, teleportation and the idea of
qguantum computing. Though using the symbolic language, Quantum Mechanics is not a
hermetic science. It is an open domain, crucial for the present day particle physics,
quantum field theory and contemporary informatics, though carrying a luggage of
unsolved interpretational problems.

1. Introduction

Quantum Mechanics (QM) was one of the greatest revolutions in physics. Although it
did not abolish but rather extended the former classical laws, the generalization was
achieved at the cost of adopting a completely new language of concepts and a new way
of thinking at phenomenological and mathematical levels.

The classical theories were deterministic. For the classical mechanics (Newton,
Hamilton) the physical systems were collections of material points and fields of force
moving (evolving) in a completely predictable way. If one only knew the present state
of the system and the external forces, one could predict with arbitrary precision its
future evolution, or alternatively, extrapolate the past. The entire universe seemed like
an enormous, infinitely precise watch, in which the present day state is defined, up to
the smallest detail, by the yesterday state, and this one in turn, at least in principle, by
the state of million years ago (Laplace). On the astronomical scale, these laws permitted
to integrate the planetary and stellar orbits (Newton). In the laboratory experience they
granted that the initial conditions of any experiment determine uniquely its final result.
The simplest illustration might be the elastic scattering of classical balls running
between some fixed obstacles (Figure 1) to hit the screen behind. If one repeats the
experiment sending many balls with different initial positions x and momenta p, the

places in which they touch the screen will differ. However, if we start to eliminate the
initial differences, the discrepancy of the final results will tend to disappear. In limit, if
we could repeat the experiment with the initial conditions exactly identical then,
according to the classical mechanics, all the balls would hit the screen in exactly the
same point.
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Figure 1: The deterministic character of the classical collision experiments.
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The theory of micro-phenomena which emerged in the first decades of XX century had
to abandon this picture, together with the realistic image of particles, as “material
points”, balls, or pebbles. The objects which replaced them were the tiny corpuscle of
electricity called electron, the corpuscles of the light (photons) and other particles. The
existence of electrons was predicted quite early in the inspired 1744 letter of Benjamin
Franklin (c.f. Millikan 1948); proved rigorously by the 1874 experiments of Thomson
with the “cathode rays” (Watson 1947), almost simultaneously in the works of Zeeman
(see Romer 1948). The photons, in a sense, were foreseen by Newton, dismissed by
Huygens and Maxwell, and finally discovered by Einstein (1905). Soon, new micro
particles were discovered—all of them showing the need for a basically new theory
replacing the deterministic laws by probabilistic ones.

2. Black Body Radiation: The Lateral Problem Becomes Fundamental

While developing the deterministic scheme, the classical theories did not neglect the
statistical laws. The scientists of XIX century knew and were applying the probabilistic
descriptions in which not all physical parameters could be controlled by the
experimentalist. The fundamental step was the application of Boltzmann statistics to
explain the principles of Thermodynamics. One of the unsolved problems concerned an
idealized physical medium (a perfectly black body) in thermal equilibrium with the
surrounding radiation bath. According to Boltzmann, the radiation of such a body
should have obeyed the Raleigh law (see Figure 2), but the experiments were showing a
different pattern. Near the end of XIX century this discrepancy could seem a lateral
trouble, but its fundamental character was soon recognized. In his polemic with
Boltzmann, Max Planck assumed that the surface of the black body can be represented
by an ensemble of harmonic oscillators. He then noticed that the false conclusions
disappear if one assumes that the energies exchanged by the radiation field with this
surface cannot be arbitrarily small. By comparing his hypothesis with the known
empirical data he found an unexpected consistency requirement: that the energy
portions exchanged with the radiation of frequency v should behv, where h is a

natural constant h =6.626x10* Js. Planck attributed the phenomenon to the structure
of the black body material (c.f. Born 1969 Ch VII; see also Cervantes-Cota et al 2005),
but soon it turned out that this hypothesis contained only a part of the truth.

0.5

Figure 2: The Rayleigh-Jeans (green), Wien (red) and Planck (blue) distributions.
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3. The Discovery of Photons

Since the late XIX century it was known that the surfaces of certain metals (e.g., silver)
when illuminated by the light emit electrons. Although the existence of this
phenomenon did not contradict the classical electrodynamics, the details did. The
energies of the pulled out electrons did not depend on the light beam intensity. When
the intensity decreased, the number of emitted electrons decreased as well, but their
energies did not change; they depended only on the color of the light. For the
monochromatic light beam of frequencyv, the energies absorbed by the liberated
electrons could be reconstructed (c.f. Einstein 1905; Einstein and Infeld 1966; Jammer
1966, 1974; Primas 1983; Cervantes-Cota et al 2005) and turned out proportional to the
frequency:

E=hy (1)

where h is the same Planck constant which defined the black body radiation. The
experiment developed as if the electrons in the metal were unable to absorb the beam
energy smaller than hv, depending only on the light color but not on the properties of
the metallic surface. It looked as if the light beam itself was split into indivisible
portions of energy hv. Such was the hypothesis of Albert Einstein in his 1905 paper
(Nobel Prize 1921).

The idea contradicted classical electrodynamics and henceforth, was not accepted
without resistance. Perhaps, argued the opponents, the light is absorbed continuously,
but the detectable effect (the electron emission) occurs only after enough energy is
accumulated. Then, however, it would be difficult to explain why the electrons obtain
the energyhyv, above the minimum necessary to leave the metal. Despite this, the
experimentalists tried to check whether the light absorption in the photoeffect, had no
characteristics of a continuous accumulation. In crucial experiments (Joffe 1913; Meyer
and Gerlach 1914), the light beam was falling not onto a wide metallic surface but on a
metallic powder dispersed in vacuum. According to the classical electrodynamics, the
beam energy falling onto each grain of the powder per time unit could be determined by
the Pointing vector integrated over the exposed grain surface. The beam intensity was so
low and the grains were so small that if the beam were a continuous medium, then the
critical energies E =hyv needed few seconds to accumulate on each grain; henceforth
the photo-effect should start with a visible delay. However, the powder response, even if
weak, was immediate; an effect which could be hardly deduced from the classical
theory of the continuous electromagnetic field. The fundamental discussions are still not
over (c.f., e.g., Marshall and Santos 1989), thought the single photons can be already
created and dropped one by one onto the screen (Kim et. al. 1999), and to be “seen
without being destroyed” (Nogues et. al. 1999).

4. Compton’s Effect: Collisions Confirm the Existence of Photons
The corpuscular effects of the light were independently detected for the light beams
falling onto a gas of free electrons. According to the classical theory, the plane

electromagnetic wave of frequency v falling onto an electron must produce (in the
electron rest frame) the spherically diffracted wave of the same frequency. The scattered
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wave should just show the Doppler effect in the initial, laboratory frame. This did not
agree with the experiment. In 1923, Compton decided to calculate the same effect by
assuming that the electron of an initial momentum p, collides elastically with a light

particle, Ie., with a  photon of  energy E=hv=c|p]| and

momentum p =En :%n =hk, where |n|=1, A =c/vis the wavelength, k=2zn/A41is
C

the wave-vector and |k |is the wave-number (see Figure 3). A simple argument based

on the energy and momentum conservation proved that the scattered photons cannot
conserve their initial frequencyv . The dispersed light must have the angle dependent
frequency shift in the electron rest frame. If the scattering angle is &, the wavelength
A" of the dispersed light is

A'—=2A=2,(1-cosd) 2

where A4, szcz 2.43x10™ m is the Compton wavelength (Compton 1961; Born
1969 Ch V-4). The prediction fit the experiment. The photoeffect and the effect of
Compton in the first part of XX century were two basic phenomena unexplainable by
the Maxwell’s theory of light. It is worth reminding that Compton’s argument was
sharply criticized by other authors, including C.V. Raman: “Compton, you are a good
debater, but the truth is not in you”.

Figure 3: Compton effect: the photon scattered in the direction & has the new frequency
v' <v consistent with (2).

5. Atoms: The Contradictions of the Planetary Model

The disquieting questions arose also about the nature of atoms. Though their existence
was already known (see e.g. Newburgh, Peidle and Rueckner 2006), the exact
composition of an atom was ignored. Since 1911, Rutherford used electrons to bombard
the atoms in order to get more precise information. The results exhibited a highly
inhomogeneous structure: the heavy, positively charged nuclei were surrounded by the
light, negative electrons, so that the total electric charge was vanishing. The image of a
planetary system in miniature, with the electrostatic attraction substituting the gravity
(the “planetary model”) was so suggestive, that it persists in physicists minds until
today. However, the model proved wrong.
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If the atoms were like the planetary systems the question would arise, why atoms of the
same element (e.g. hydrogen) must have the same size (Feynman, Leighton and Sands
1963). The radius of the hydrogen atom isr~5.3x10™ m; so 1 mol of the atomic
hydrogen, according to this model, should be like a galaxy of 6.02252 x 10% simple
planetary systems composed of one sun and one planet, where each of 6.02252 x 10%
planets circulates at the same distance from its sun. The almost surrealistic vision
contradicted the common sense and the probability calculus (the classical theory cannot
restrict the size of the planetary systems!).

Even more serious was the stability problem. The electrostatic Coulomb field is not the
only force acting on the electrons in the atom. Should the classical model be true, the
electrons circulating on their “planetary orbits” should produce the electromagnetic
waves (radiation) at the cost of the orbital energy. Taking away the energy, the emitted
radiation should act back on the electrons slowing down their orbital motion. The effect
of this self interaction (the radiative damping) is expressed by the third time derivative
of the trajectory d®x/dt*and must transform the “elliptic orbit ‘into the spirals
converging to the attraction center. The phenomenon exists also in gravitation, for the
true planetary motion, but is incomparably weaker. The clean result was obtained in
(Dirac 1938), though the problem was known much before. If resembling the classical
point charges, the electrons would spiral down to the nuclei and the atoms should
disappear in a fraction of second. Some authors tell about the “suicide of a classical
theory” (see Figure 4).

Figure 4: The suicide of the classical theory: due to the radiative dumping the atoms
should collapse within a fraction of second.

6. The Mystery of the Allowed Energy Levels

The optical phenomena added an extra challenge. The atoms exposed to the oscillating
fields or thermal collisions radiate, but their emission has little to do with the short time
continuous burst predicted by the spiral collapse (Figure 4). The spectroscopy registered
the characteristic sequences of spectral lines emitted without any catastrophe and
allowing us to identify the atoms of each element. Thus, the sodium (Na) could be
easily recognized by the dominating yellow light of frequencyv =503-520x10" Hz,

rubidium (Rb) by its red line v =304 -482x10"% Hz . The observed emission-absorption
lines of the atoms typically formed double sequences. Thus, e.g., for the “hydrogen-like
atoms”, the distinguished frequencies were:
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where ¢=2.9972x10° m/s is the speed of light, m =9.109x10*°gis the electron’s
mass, M and Ze respectively are the mass (M > m,) and charge of the nucleus,

2
ML @ 1007x10" mtis the Rydberg constant, hEL=1.055x10'34 Js,
Arh  4ra, 2r

a,=0.529x10" m is the Bohr radius and «~1/137was latter called the fine

structure constant. The fact was extremely useful in spectroscopy, but incomprehensible
for the planetary model. Moreover, due to the relation between the light color
(frequency) and photon energy, the spectral formula (3) suggested that the energies of
the emitted photons correspond to differences between some distinguished energy
levels:
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where z=m,M /(m,+M) is the reduced mass. Such was the famous observation of

Niels Bohr in his 1913 paper (see also Pais 1991). Consistently, Bohr and Sommerfeld
proposed a modified planetary model (Bohr 1913; Sommerfeld 1916), still for a
classical charge circulating in the Coulomb field, but assuming that only a sequence of
particular energies (4) was allowed for the electron orbits. The atomic emissions would
correspond to discontinuous jumps of the electron between the permitted levels (4); the
energy conservation law explaining the emission spectra. Strangely enough, Bohr
followed the original Planck’s arguments, while opposing strongly the existence of
photons (see Pais 1991, Ch 11(d)), using (3-4) to explain the frequency, but still
rejecting the quantization of the emitted light waves. The so formulated theory was later
called the “old quantum mechanics”. What it could not explain, however, was the very
existence of the *“allowed” and “forbidden” orbits.

7. Luis de Broglie: Particles or Waves?
Though this be madness, yet there’s method in’t.
W. Shakespeare, HAMLET (3.2)

While the new facts were arising, the old ones caused new problems. The existence of
the interference pictures was no mystery for the Maxwell’s theory of the light waves.
However, if the light was a beam of particles, then it was hard to understand how the
particle trajectories could create the wave pictures. The simplest case was the traditional
double slit experiment for a monochromatic light beam (Figure 5). If the light is
granular and if each photon crosses just one of the slits, how can it know that the other
slit exists at all? And it must, since in absence of the second slit, the interference picture
does not appear. Later on, Richard Feynman (see Feynman, Leighton and Sands 1963,
p. 37) would qualify the double slit phenomenon as the “only mystery” of quantum
theory (though, perhaps, he unjustly dismissed the other puzzles; c.f. Section 17).
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Figure 5: Double slit experiment: The greatest of all mysteries (Feynman).

A paradoxical choice of Luis de Broglie was to face the crisis by making it still deeper.
If photons show a peculiar behavior, then “there is a method in it”. In his 1924 paper, de
Broglie assumed that the wave-like patterns cannot be limited to photons, but it must
affect all physical particles. He thus proposed to associate with an electron moving with
a momentum p=(p,, p,, P;) and Kinetic energy E, a fictitious (heuristic) image of a

wave of frequencyv =E/h:

@, (x,t)=Ce'™ " C = constant (5)

with the adimensional exponent(px-Et)/%, where , px= p,X, + P,X, + P3X3, :L.

The idea turned prophetic. The strange vision of de Broglie was confirmed in a
sequence of experiments by Davisson and Germer (1927), Thomson and Reid (1927),
and Thomson (1927). The beam of electrons from a stationary source, with the same
carefully defined momenta p , penetrated through a crystalline lattice (most typically, a

thin sheet of metal) falling onto a photographic plate. The electron hits were visible as
the clear points on the emulsion. Their localization was erratic but their accumulations
formed a picture of regular concentric circles, typical for the interference effects (see
Figure 6).

Incident . o
beam of ————, #=
electrons

crystaline
lattice

screen

Figure 6: The scheme of Thomson experiment. The beam of electrons of the same
momentum p crosses the crystalline lattice and falls onto the screen behind. Differently
than for the classical scattering of Figure 1, the points marked by the single electrons are

unpredictable, but their accumulation forms a regular pattern imitating the interference
picture of the plane wave of length A=h/p (p= pJ).
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The diameters and the intensity of the circles (i.e., the density of hits) corresponded to
the diffraction of a plane wave of the length inversely proportional to the momentum,
A=h/|p|, where h is the same Planck constant which already appeared in the

phenomenon of the black body radiation and the photoeffect energy (1). Moreover, for
p=c/A and E=cp (valid for photons), the de Broglie formula (5) reduced neatly to

the Einstein’s E = hyv, indicating that it was a part of a universal law.

The attempts of explaining the phenomenon by the “cooperation” between the beam
electrons failed as the result of the Biberman, Shushkin, and Fabricant (1949)
experiments in which the beam intensities were too low to grant the existence of any
ordered electron groups, yet the accumulation of the erratically dropping electrons
created exactly the same diffraction pictures which did not depend on the beam
intensity. The capacity of forming the interference patterns must have been encoded in
each single electron; the conclusion much firmer now due to the techniques which
permit the controlled emission of single electrons and photons (Ekstrom and Wineland
1980; Kim et al 1999).

Step by step it was also verified that the corpuscular-wave duality indeed affects a
wider class of micro-objects. For neutrons it led to the useful techniques of neutron
interferometry (Greenberger 1983). The tendency of forming the interference patterns is
already checked for heavy micro-objects (Arndt et al 1999, Hackermdiller et al 2003).
No known modifications of the classical motion equations for the beam particles could
explain the phenomenon (see also Section 18.1). It was the idea of Erwin Schrddinger to
look in a different direction.

8. Schrodinger’s Wave Mechanics: Wave Vibrations Explain the Energy Levels

The well known wave phenomena (the strings in guitars, air in flutes, trumpets, etc) are
characterized by certain distinguished frequencies (notes) proper to each stationary
oscillation pattern. An inspiration of Schrodinger was that the electron in an atom might
not resemble a classical material point “on the orbit”, but rather a piece of palpitating
continuous medium obeying a certain wave mechanics (the hydrogen singularity could
be a kind of a trumpet generating only specific frequencies). Yet, there must be a
correspondence to the classical theory! Following this idea, Schrddinger turned
attention to the families (“congruencies”) of many simultaneous trajectories described
by the generating functions S(x,t) of the Hamilton-Jacobi (HJ) equation in classical

mechanics. Could it be that these trajectories are equivalents of the rays in the geometric
optics while the surfaces S(x,t) = const are the wave fronts for a certain new wave

phenomenon? In his 1926 quantization papers (reprinted in Schrodinger 1978), he
explored new aspects of the HJ-equation ﬁ(VS)z +V(x)+§8=0 for the non-

relativistic ~ Hamiltonian H =%+V(x). By taking S(x,t)=S(x)-Et and
S(x) =hlIny(x), the equation was reduced to K () =—2(Vy)?+(V(x)-E)y’=0.

2m

However, instead of assuming that K(y) vanishes at every point x, Schroédinger
considered the integral |=JR3K(W)d3X and demanded its stability under small
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variations oy of (o1 =0). By assuming that oy vanish outside of finite space

domains and by applying the standard variational method, he arrived at a new second
order differential equation fory :

hZ

EW(X)=—%AI//(X)+V(X)I//(X) (6)
o°  o°

where A = e + Y + pe is the Laplace operator and E corresponds to the system
X z

energy. In his next works, Schrodinger considered the non-stationaryy . Looking for
consistency with the dynamics of de Broglie waves (5), he replaced the energy E in (6)

by ih% , i =~/-1, obtaining the general propagation equation for the hypothetical wave
y(x,t):

0 "
|haw(x,t):—ﬂAw(x,t)+V(X,t)l//(x,t), (7)

in presence of the external potential V (x,t). The time independent equation (6) was
then  recovered by looking for the = stationary  (standing  wave)
solutionsy (x,t) =e 'y (x), =%, with a time-independent oscillation mode w(x).
As found later, the similar heuristics could also lead to non-linear wave equations, but
the simple guess of Schrodinger turned especially fortunate. His principal results
concerned the static potentialsV (x,t) =V (x). By choosingV (x) =-e°/r , where r = X |
(the Coulomb potential acting on the hydrogen electron) he could show that the
stationary  oscillations ~ (6),  trapped by the attraction center (with
w(X) — 0as| x|— +e ), admit only a discontinuous sequence of proper energies (4)

avoiding the self-destructive interference of  in the potential well (Figure 7). Though
the physical nature of the complex wave (x)was still unknown, the central law of
quantum mechanics was already discovered!

Figure 7: The mechanism of the allowed levels: only for the exceptional energies the
wave (6) circulating in the Coulomb well survives the destructive interference.
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The physical sense of w(x,t) was a subject of polemic discussions (until today not
entirely concluded). Schrodinger initially proposed a straightforward interpretation: that
the electron is indeed a piece of continuous medium represented by a complex
functiony (x,t), which oscillates around the atomic nucleus, producing the Bohr-

Sommerfeld sequence of distinguished frequencies. Yet, this literal interpretation could
not be defended. As objected in the Saclay Conferences, a single wave function
propagating according to (6) can reach two distant detecting screens but each electron
can be absorbed by only one of them. Moreover the characteristic property
distinguishing the wave propagation (6) from the motion of a classical particle was the
tunnel effect: the wave of de Broglie when facing an arbitrarily high potential barrier
V(x) >0is never completely reflected but it is split into two parts, one reflected one

transmitted. Yet, each single electron is never divided: In can be detected either on one
or on the other side of the barrier (Fig. 8)

Vix) J

Figure 8: An electron and a potential barrier. The Schrodinger’s wave function splits
into two parts, but the electron can be detected just in one of them.
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