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On the Psychology of Scientific Creativity

A. B. MIGDAL

L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences,
Moscow.

ABsTracT. This article discusses the motives that actuate the creative scientist,
the dangers that beset him, and then, with numerous examples, discusses the mental
processes involved in first-class research.

Introduction

Interest in the psychological side of scientific creativity has probably existed
for as long as science itself. However, since this is not to be a literary essay,
I shall leave out the inevitable anecdotes about absentmindedness, which
begin with “ Aristotle himself in his * Organon’ . ..” and confine my remarks
to the more recent past. In fact, during the last few years, interest in this
question has suddenly blossomed and a large number of writings on the
psychology and methodology of science have appeared. A new branch of
knowledge has developed, the ‘ sociology of science’. How are we to account
for this phenomenon? The answer is often to be found in the literature itself,
where such explanations are given as: *° Any nation today which is unable to
appreciate the scientific mind is doomed .

One of the distinctive features of the majority of these articles is their
peculiar brand of specialization. They are, as a rule, written not by the
people directly involved in science, but by experts on science and its structure,
in the same way as essays on art are usually written not by actual artists, but
by professional art critics.

This article is an exception. It reflects the thoughts and discussions not of
experts on science, but of scientists themselves. It must therefore in no way
be considered as a piece of research into the psychology and sociology of
science: it is merely an attempt to share our own experience with the reader
and to formulate the concepts which have accumulated in the course of work.

The questions I should like to consider first of all are: what makes a young
man want to be a scientist? What personal qualities does the work demand?

1. Motives for scientific creativity

Not for you are passion and goldlust,
It is science that entices you.

Passion may fade and love is betrayed
But you cannot be deceived
By the bewitching structure of the cockroach.

N. OrenNIKOV, Comic Verses.

1.1. Curiosity, self-expression, self-confirmation

Let us concentrate on the motives which have a specific bearing on scientific
creativity, omitting such factors as the social usefulness of the work, which
have a similar influence in any field of human activity. (We shall not, of
course, take into consideration such motives as the desire for a successful
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career or to attain material wellbeing.) Normally, these consist of a com-
bination of the following elements. That most alien to the true scientific
spirit is the desire for self-confirmation, the need to demonstrate to oneself and
others that one can carry a task to its conclusion. Another element is the
need for self-expression, that is, the search for a fuller expression of one’s own
individuality. But the most important motivating force is curiosity: the
desire to know how Nature is composed. Where this force predominates, a
man will take as much delight in a new discovery of someone else’s as in his
own. This was precisely the attitude to science of the brilliant Russian
theoretical physicist, . Ya. Pomyeranchuk, who, even on his deathbed, on
regaining consciousness, asked about the latest developments in the theory of
elementary particles and rejoiced in each new idea.

Such absolute purity of motive is very rarely found and is not a necessary
condition. Usually all three motives are present in different proportions.
Sometimes the need for self-expression is so strong that the pursuits of science
alone are not enough to satisfy it. It is well known, for example, that Max
Planck was an accomplished pianist, Einstein played the violin and Richard
Feynman plays the bongos. Zeldovich the well-known Russian physicist writes
poetry (““ You are looking for explanations—know your atomie structure! ).

There are some people for whom the desire for self-confirmation is the
chief incentive to creative work. Where this desire is not kept in check by
impeccable conscientiousness, it almost inevitably turns into a search for
positive results which leads to involuntary misinterpretation of the facts.
How many talented minds have been lost to science through this fault!

Among non-scientists there is & widespread assumption that the scientist is
guided in his work by the desire to make a discovery. But, on the contrary,
this must not be his aim; his task is to make a deep and detailed study of the
scientific field in which he is working. A discovery comes about only as a
by-product of this study. This does not mean that scientists are by nature so
disinterested that they do not wish to make a discovery. The wish is bound to
be there, of course, but in the background: it not only should not determine,
but should not even have the slightest influence on the way their research is
conducted.

When I use discovery in this sense, I mean a significant leap forward in the
understanding of Nature. Small discoveries which go unnoticed by the rest
of the world are made constantly and it is these that make the day-to-day
work of the scientist worth while. Any would-be scientist must have this
ability to delight in cvery small step forward, every tiny discovery. It is
important that newcomers to the profession should clearly understand the
dangers of looking for self-confirmation in their work and of the search for
positive results to which it so frequently gives rise and we shall therefore
return to this subject more than once.

1.2. The capacity for wonder; the concept of beauty n science

For the moment, let us return to the researcher’s curiosity. This is
intimately bound up with his capacity for wonder, which is an essential quality
in any field of creativity: no true poet, artist or scientist is without it. But
whereas in art the direct, spontaneous reaction to what we see or hear is all-
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important, in science, wonder must be the result of thought applied to these
sense-images, of the interpretation of accumulated knowledge. When the
source of this wonder is clearly expressed, is it said to be a scientific paradox.

There are many well-known instances in which the scientist’s wonder,
formulated as a paradox, has led to a scientific revolution. Here are a few
examples.

Gravity theory

Ever since (alileo, it has been known that all bodies fall with equal
acceleration (if you do not take into account the resistance of the air). This
means that the weight of the body, that is, the force with which the body is
drawn towards the ground, is directly proportional to its mass. Also pro-
portional to the mass is the force of inertia. Because these two forces depend
in the same way on the mass, a man in a freely falling chamber will find himself
in a state of weightlessness: the force of inertia exactly counterbalances the
force of gravity.

We have grown so accustomed to this truth that we do not see anything
remarkable about it. To Einstein, it was a marvel and he expressed his
wonder in the form of a paradox: why should the weight of a body, regardiess
of its composition, and its inertia, both be in proportion to its mass? Does
it not follow from this that there must be a deeper connection between the
force of inertia and that of gravity? This idea was the starting point for one
of the most remarkable of physical theories, Einstein’s theory of gravity.

Why do the stars give so little light?

Let us assume that the stars are distributed more or less evenly over the
Universe. Thus, the number of stars lying within a sphere with radius R,
surrounding the Earth, would be proportional to R3. The intensity of
illumination received from each individual star follows the inverse-square law,
and so the total effect should be proportional to 1/R2.  Consequently, the full
intensity of light from the stars inside the sphere would be proportional to R
and, if the universe were infinite, then the brightness of the sky would only
be limited by the negligible amount of light swallowed up in interstellar space.
The sky should therefore shine ‘ more brightly than a thousand Suns ”.
This paradox (Olbers’ paradox) had been known for a long time but no one
had been able to explain it, until it was finally resolved in Einstein’s cosmology,
which comprises an unprecedentedly bold application of the theory of gravity
to the world as a whole. This theory states that the geometry of the world
differs from the usual Euclidean geometry, that light rays do not travel in a
straight line, that the Universe expands and only the light of a comparatively
small number of stars reaches the Earth.

Let us take an analogy, rather inexact, as analogies tend to be. Instead
of the three-dimensional world, let us look at a two-dimensional world on the
surface of a sphere. In such a world, the light would shine along the shortest
distance between two points. If the surface of the Universe were evenly covered
with stars, then the number of stars as a whole and the number of stars lighting
up some object would, of course, be finite. Now imagine (although even this
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is quite difficult) our three-dimensional world in the form of a sphere in four-
dimensional space, i.e. imagine that it is enclosed within itself like a two-
dimensional world on the surface of a three-dimensional sphere. Then the
number of stars as a whole would be finite and the dimness of the night sky
is explained. Now you can imagine another sort of geometry, with the number
of stars as a whole infinite, but the number of stars shedding light on the
Earth, finite. The question as to what the geometry of our world is, exactly,
cannot be decided speculatively; it is a question for experiment to decide.

The leap forward in the understanding of our Universe represented by the
advance from the flat space of Euclidean geometry to curved space is equivalent
to the step forward that was made when men realized that the Earth was not
flat, but round.

Quantum physics

A major paradox became evident at the end of the 19th century, when
attempting to apply the laws of statistical physics to an unaccustomed subject:
the standing electromagnetic waves which might arise in a box with reflecting
walls. According to these laws, each independent mode of oscillation in the
thermal equilibrium resulting from repeated radiation from and absorption
into the walls should carry an energy k7', where 7' is the absolute temperature
of the walls and % the Boltzmann constant. But the number of standing
electromagnetic waves in the box is infinite. In fact, standing waves can be
formed in the box if a whole number of half-waves is confined between the
walls. The shorter the wavelength, the greater the number of possible
directions for which this condition is fulfilled. Thus, the shorter the wave-
length, the larger the number of possible oscillations and the greater the
energy at that wavelength. Consequently, the electromagnetic field should
absorb all the thermal energy of the walls, however much heat were applied
to it. If each oscillation really possessed an energy k7', then, if we made a
little hole in the box, we should have a source of incomparably bright light of
very short wavelength. This paradox was given the dramatic name of  the
Rayleigh-Jeans catastrophe ’, although in the experiment itself no catastrophe
takes place.

To explain this contradiction, Max Planck suggested that electromagnetic
oscillations change their energy in steps AE =#iw, where % is a coefficient of
proportionality and « the angular frequency. If the minimum possible
energy of oscillation #iw is much greater than %7, then the oscillation will have
a small intensity. According to the laws of statistical physics, the intensity
of such an oscillation falls with the inecrease in the frequency, according to an
exponential law. Thus, high-frequency oscillations make a small contribution
to the thermal energy, and the paradox is resolved. This law is borne out
with great exactitude in experiment, and the value of # can be determined.

This is how Planck’s constant # first came into physics, specifying the
possible discrete energy levels of electromagnetic waves of a given frequency,
and how the concept of discontinuous processes came into being. The
minimum unit of energy of an electromagentic oscillation was called a quantum.
If the energy of the oscillation contains » units of fiw, then it is said that there
are n quanta of angular frequency w in the box.
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Why do atoms radiate light not at all frequencies but only at discrete,
precisely defined frequencies? If the electrons in an atom moved according
to the laws of classical mechanics, they would give out light at all frequencies.
Does not this mean that electrons in an atom, like electromagnetic oscillations,
might possess not just any energy level, but only certain, strictly defined
energies? By reflecting upon these and other problems, Niels Bohr was
finally led to create a quantum model of the atom.

The universality of the conservation laws

Why is the law of conservation of energy equally valid for the most diverse
processes: electromagnetic, mechanical, thermal, chemical, and so on ...?
Surely this must mean that it is based on some deeper common property of
the laws of Nature. Attempts to answer this question did not lead to a scientific
revolution, but they did deepen out understanding of the world.

It was, in fact, found that the universality of the law of conservation of
energy, like the other conservation laws (for example, the law of conservation
of momentum), is connected with the general properties of space and time.
It is possible to see that the law of conservation of energy is a consequence of
time independence. Time independence means that an apparatus will work
in exactly the same way at all times provided there is no change in the external
conditions affecting the apparatus. To demonstrate the connection between
the law of conservation of energy and time independence, we can argue that
this law can be broken if time passes irregularly. Let the irregularity of time
consist in the fact that gravity is not constant but varies from time to time.
Then you would gain more energy than is spent: you need only pick up a
weight during a period of weak gravity and let it fall in a period of strong
gravity, thus turning a dynamo.

There are many similar examples in the physics of elementary particles.
Frequently, a new particle has been discovered on resolving a paradox which
arose from the need to explain some phenomenon. There is, for example,
one paradox, as yet unresolved, which never ceases to amaze physicists: why
is the charge on the proton always equal in magnitude to the charge on the
electron, in spite of the fact that these two particles are totally dissimilar in
all their properties? The explanation of this paradox will seriously influence
the choice made between different possible theories describing the interaction
of elementary particles with the electromagnetic field.

Super-thermal conductivity or superflusdity?

Yet another example is the discovery of superfluidity, made in the Institute
of Physical Problems of the USSR Academy of Sciences in 1937 by Academician
P. L. Kapitza. They were researching into the properties of liquid helium
at very low temperatures. It was known that at temperatures of below
22 K (—270-8°C), liquid helium undergoes a further modification,
becoming helium II, with completely different properties. It had already
been found by the Duteh physicist Keesom in Leiden that helium IT possesses
a thermal conductivity a million times greater than that of copper, which,
in itself, is very strange. Then it was found that helium II also had an
abnormally low viscosity—a thousand times lower than that of water. And
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yet in fluids the microscopic mechanisms of thermal conductivity and viscosity
are very similar and, where thermal conductivity is high, viscosity is nearly
always high too. In fact, thermal conductivity is determined by the rate of
transfer of kinetic energy from one layer to another, while viscosity is
determined by the rate of transfer of momentum. The greater the one, the
greater should be the other. But with the helium, the reverse was taking place.

After giving this paradox some thought, P. L. Kapitza came to the conclusion
that there is no such thing as ‘ Super-thermal conductivity ’, but that the
high thermal exchange rate observed by Keesom is caused by currents arising
in the helium when it is in a state of superfluidity. In a state of superfluidity,
the liquid helium can pass through a tube without any friction. Therefore,
the very slightest unevenness in density, due to differences in temperature,
is enough to cause currents, due to gravity, which carry the heat with them.

P. L. Kapitza was then obliged to carry out a dozen or so extremely delicate
experiments, to convert this idea into an authentic truth.

The reader is no doubt aware that physicists are divided into experimentalists
and theoreticians. It is very rare for one person to combine both. There is
too great a difference in the nature of the specialist knowledge and the skills
required by the two occupations. The first-class experimentalist, P. L.
Kapitza, referred his experiments to the first-class theoretician, L. D. Landau.
Theory and experiment stimulated one another. It was through this inter-
action that Landau gave birth to one of his very best theories, the theory of
liquid helium II. This theory succeeded in making all the facts outlined in
P. L. Kapitza’s experiments quantifiable.

From these examples, it is easy to see the leading role that the capacity for
wonder plays in science. Even more important, they give some idea of the
beauty of science. Simple facts which do not, at first sight, have anything
remarkable about them, when subjected to profound thought, can give rise to
unexpected and important results. The dimness of the night sky can cause
us to reappraise all our views on the geometry of the world. Phenomena as
diverse as the law of conservation of energy and time independence can turn
out to be intimately related. Laws that have been discovered when studying
the movements of atoms in a heated gas are found to apply to the electro-
magnetic field, thus leading to the conclusion, quite alien to traditional
mechanics, that the energy of an electromagnetic oscillation can change only
in discrete units. '

The logical interdependence of all the findings of science was expressed by
the German mathematician, David Hilbert, like this: “ You have only to
accept that twice two are five, and I can prove to you that witches fly out of
chimneys ”’. The beauty of science lies in the shapeliness of its logical structure,
its richness in interconnections. The concept of beauty can prove invaluable
in checking results and in discovering new laws; it is the reflection in our
consciousness of the harmony which exists in nature.

Anyone who chooses the scientific profession should be motivated above all
by an appreciation of the beauty of science and by a sense of wonder. In his
book, Science and Method, the prominent mathematician, Henri Poincaré,
speaks of the beauty, *“ for whose sake the scientist undertakes such long and
arduous tasks * and says, “‘ I am thinking of that more profound beauty which
consists in the harmony of the parts and is perceived only by the intellect. 1t
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is this that underlies and forms the basis for that play of visible beauties which
delights our senses. Without its support, the beauty of fleeting impressions
would be incomplete, like all that is vague and transient. Intellectual beauty,
on the other hand, gives satisfaction in itself . ...

2. Underwater reefs

Niels Bohr once said, “ A specialist is someone who knows some of the
commonest mistakes in his field and is clever enough to avoid them 7.
Scientific research is fraught with psychological pitfalls. Let us try to analyse
some of the most dangerous.

2.1. Beneficial criticism

In the very early stages of a piece of research, there is sometimes a real
necessity to fan the faltering flame by finding arguments to confirm your point
of view. But, as soon as the work has started to take shape, it can only do
harm to keep reassuring oneself, and the greatest difficulty is to find opposing
arguments; arguments ‘ pro ’ seem to come forward quite of their own accord
without any conscious effort.

The obligation to make a discovery quite often leads one to take refuge in
reassuring arguments and even involuntarily to twist the facts. Here is one
example of an instance in which a small lack of conscientiousness in dealing
with experimental data snowballed to such an extent that a completely wrong
conclusion was reached. The experiment was an attempt to investigate
the energy spectrum of the alpha particles emitted from a certain nucleus.
This spectrum consists of sharp peaks, and the distance between the
values of the energy at these peaks gives the possible values of the excitation
energy of the nucleus resulting from the alpha-decay process (‘ daughter’
nucleus). In the experiment, the alpha particles had fallen into groups with
energies at equally-spaced intervals. This meant that the intervals between
energy levels of the daughter nucleus were also equal. This result was
quite unexpected and contradicted existing ideas about the structure of the
nucleus.

The experimentalists asked the theoreticians to give an explanation. It
was one of the rare cases where theoreticians can be proud to say that they
were not able to construct a theory. On further experiment, the results were
not repeated. It turned out that, when they had first started to measure,
they happened to obtain curves with evenly spaced energies for the alpha
particles. The experimentalists were so excited by this unusual result that,
every time it was not repeated, they checked the voltage in the circuit and
if the voltage differed from the standard, they threw out the results of their
measurements. This check was only carried out when they obtained an
unwanted result. Owing to the very large number of measurements that were
made, this small diserimination led fo almost exactly evenly spaced values for
the energies of the alpha particles being produced. This happened in the
laboratory of an experimental physicist who had won a high reputation for the
conscientiousness of his work. However, on this occasion, he had lost control
over the actions of his less experienced colleagues. There are no two kinds of
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conscientiousness: it is either irreproachable or it does not exist at all. It is
like Voland’s conversation with the barman in Bulgakov’s book, The Master
and Margarita, where he says, * there is only one sort of freshness—its first
bloom is also its last .

2.2. The signs of the «“ Great Discovery ”

Efforts to make a discovery at all costs and to achieve a revolution in
scientific thinking often break the bounds of their own possibilities and, at
times, bring their authors to a sad end. It is well known that, in all physical
institutes, some of the staff are always ‘on duty’ writing answers to the
authors of * great discoveries ’. All these works have the following things in
common:

(1) They do not confine themselves to one question alone, but abrogate all
the findings of contemporary science at once.

" (2) The author has no specialist training in the subject in question.

(3) They never quote contemporary scientific literature, more often than
not because the author is not familiar with it.

(4) The authors of such ‘ discoveries * always claim that their work is the
fruit of long years of labour, while it is patently obvious that if any time
has been spent on it at all, it was not on the mathematical layout, nor
on the experiments, nor even on the analysis of known facts.

{5) The author has not previously published any other smaller scale works.

These are the signs by which ‘ The Founder of a New System ’ or ‘ The
Inventor of a complete New Basis ’ (the terms invented by Wolfgang Pauli to
describe these crank scientists) can easily be recognized, regardless of the
details they contain. An authentic revolutionary discovery directly concerns
only a very narrow range of phenomena and is soundly based on the accepted
findings of science in every other field. Modern science is 8o specialized that
it demands a huge store of technical knowledge, much more than even a
specialist training can give. It can only be gained through long, persistent
and conscientious work in the field.

Unfortunately, ‘ discoveries * of this kind sometimes obtain the support of
people with scholarly titles and get published in the form of papers or books.
These supporters of °scientific sensations’, in spite of their degrees and
qualifications, have as little to do with science as the authors of the discoveries
themselves. Editors of publications of this kind who lack the necessary
scientific qualifications would do well to be guided by this list of signs of the
‘ great discovery ’ when judging the articles that come to their notice.

2.3. Superstitions

When the statistics of experimental data are not properly worked out, it
inevitably leads to mistakes and the creation of superstitions.
At least once in every lifetime, incidents arise, which, it seems, can only be
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explained by telepathy. And yet, to this day, no-one has managed to produce
a satisfactory proof that it exists. Even after years of research, there is not
a single experiment which has achieved statistically convincing repeated results.
It is therefore not merely pedantry to conclude that the existence of this
phenomenon is, to say the least, doubtful. Arguments of personal experience
and personal conviction count for nothing: remember that 100-200 years ago
there were many people who claimed to have seen angels and devils. Even
fairly recently, many people have communicated with spirits at spiritualist
seances. On the other hand, the same scientific integrity we have already
mentioned does not allow us to assert that telepathy does not exist. It
cannot be proved that a phenomenon is absent, one can only state that no
evidence has been found of its existence and that therefore the latter is
improbable.

One of the most difficult aspects of scientific research is the transition from
guesswork to authentic scientific fact. To reach the truth, the scientist must
advance painfully, step by step, like a mountaineer scaling a sheer rock face.

This is why anyone who has anything to do with science was offended by
the film, Recollections of the Future. This film is an example of the active
propaganda of false science. With incomparable ease, it deduced from facts
that might have had a thousand simple explanations that there were traces of
astronauts from other planets having landed on the Earth. This is roughly
the way they managed to twist the facts: if, in an ancient picture, a man was
carrying a jug on his head, then he must be an astronaut; if he has not got a jug
on his head, then it must have fallen off as his space-ship was landing.  The
authors never question why an astronaut from another planet should necessarily
resemble our astronauts, why they should wear space suits like ours, etc., but
this is not the worst. They did not understand, or pretended not to understand
that there is a huge, insurmountable distance between a guess, even a plausible
one, and an authentically proven truth, which systematically eliminates every
possible explanation other than the one it puts forward.

There are several examples in the history of physics of ‘ superstitions’,
that is, widespread delusions which have come to exist without proper
foundation. Such was the idea that thermal energy was like a sort of fluid
(caloric) running from a heated body to a cold one, or the nineteenth-century
concept of a luminiferous ether, which filled all space.

In the twentieth century, delusions of this kind, if they arise at all, are
shortlived. However, the words of the eighteenth century German physicist
and philosopher, Lichtenberg, are still relevant today, ““ It is not the gross
delusions, but the trifling untrue theories which obsfruct the revelation of
scientific truth .

2.4. Whichk should come first: understanding or research?

There seems to be a vicious circle which it is impossible to break: you cannot
accomplish a piece of scientific research without clear understanding, but
clear understanding comes only at the end of the research.

This contradiction is one of the difficulties of scientific research. However,
every piece of work that reaches completion must have overcome this paradox
somehow. It does not generally happen all at once: as understanding grows,
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so the work can move forward a little further, which, in turn, brings new
understanding.

Often, when starting on a piece of work, one leaves aside certain problems
or queries which must be decided in due course but which, for the time being
do not interfere with its progress. Occasionally, if you lose the list of queries
among other papers, when it eventually turns up, you find that practically
all the points that needed clarifying have resolved themselves while you have
been working on the basic problem. Understanding in science is much like
understanding a friend—it can only be achieved through long acquaintance.

The need to understand everything thoroughly before one starts to work is
a very common cause of failure. However, some people are, by nature,
incapable of feeling their way in the dark, of working without full under-
standing. This type of scientist is extraordinarily useful when it comes to
assessing other people’s work. It is difficult to appreciate just how much
they contribute to the development of science: it is far more than one would
think from studying their works, however valuable these might be. There
was one very fine physicist who had this gift for deep understanding, the late
Professor I. M. Shmushkevitch. Everyone who knew him tried to get his
opinion on their work as soon ag it was finished or even half-way through.
The work was then said to have “ passed Shmushkevitch . His perusal was
bound to bring all the doubtful or poorly thought out passages to light; and
if the work had the good fortune to pass without comment, then this would
mean that everything was in order.

This dislike for working in the dark sometimes manifests itself, more covertly,
as a wish only to undertake ‘ authentic ’ studies. Any work in which unsub-
stantiated but plausible assumptions are made is discarded as being ‘ un-
authentic . This quality tends to hamper the productivity even of first class
physicists. Einstein, in his obituary to P. Ehrenfest, a most profound
physicist, wrote, * His misfortune was that his critical faculties always got in
the way of his creative powers . Even such a remarkable physicist as W.
Pauli was held back by this same weakness.

2.5. * The service of the Muses abhors varity

At the opposite extreme from the desire to understand everything before
you begin, lies the impulse to ‘ jump the gun ’, i.e. guess the result, leaving out
the process of understanding altogether. We shall provisionally call this
characteristic ‘ child prodigy-ism ’. The instruction or self-instruction of the
scientific researcher should begin with the elimination of all traces of © child
prodigy-ism ’. It is interesting to note that L. D. Landau, who was dis-
tinguished as much by the impressive speed of his thought as by the impressive
breadth of his grasp of all fields of physics never permitted himself even the
slightest hint of this, but always did his utmost to bring the question in hand
to a point of absolute clarity and extreme simplicity. He used to say jokingly,
“I am the world’s greatest genius at trivialization .

Remarkable though it may seem, it is quite true to say that the more
profound a scientific idea, the more it gains from simplification. In art it is
quite the reverse: the finished work cannot be simplified—any attempt to
simplify it destroys the essence. The words, ““ Boy, fill my cup with the
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heady bitterness of Falernia! ”’, when simplified, might give, “ Bring me
some more wine, boy!”. You can analyse the different elements which
constitute the spell of a work of art, but the image that the work evokes
cannot be broken down into its constituent parts, but must be taken as a
whole. In science, anything can be broken down into constituent parts.

In order to understand a great work of art, you have to raise your conscious-
ness to its level, whereas the achievements of science can be brought down to
a lower level, ‘ laymanized °. The simplification of a scientific theory demands
just about as much creative effort as its origination. This is why many of the

* profounder books of popular science, written by prominent scientists, give no

less impetus to the development of science than the originals on which they
are based, These books sometimes demand a great effort on the part of the
reader, but, as against that, they do not avoid the difficulties and their
simplifications do not descend to the level of vulgarization.

There is no room for haste and bustle in scientific work, but, on the other
hand, lazy work not only takes up a lot of time, but wastes it too. However,
this applies to any form of human activity.

There is yet another psychological characteristic which interferes with any
type of creative work, and that is a belief in one’s own infallibility. Of course,
it is impossible to accomplish anything serious without a certain amount of
confidence in one’s own ability. But believing that one is infallible means
that the scientist, having once set off in what seems to him the most probable
direction, will stubbornly persevere, even when he comes up against a brick
wall. One must follow the golden mean between self-confidence and doubt,
hesitation and intransigence, flexibility and firmness.

2.6. Unscientific questions

Often, work is held up by the consideration of questions which are either
unscientific or lie outside the boundaries of science. I do not mean questions
so obviously unscientific as the sort of controversies that were carried on in
the middle ages, ‘- how many angels could you fit on the point of a needle?’,
ete., nor the many instances in which it is a point of terminology and not a
reality which is under discussion. I am questioning the scientific value of
such statements as, ‘ There is another world which coexists with ours, but of
which we are not aware because it does not interact with ours . Clearly this
statement lies outside the boundaries of science, since there is no way of
ascertaining whether or not it is true. Here is another example of a question
which contradicts the logic of science: ““ Is it permitted to doubt the laws of,
for example, quantum mechanics? ”’  Of course there is no truth which cannot
be doubted, but one should not do this without sufficient grounds. Similarly,
you do not lose faith in a well tried friend unless some circumstance arises to
make you change your opinion of him. Without a certain respect for well-
established laws, science would not be able to develop at all. Quantum
mechanics and the theory of relativity are the most frequent targets for
unseientific eriticism, more often than not in the course of attempts to produce
an alternative explanation for phenomena which are already predicted and
explained by existing theories. So long as no experiments are proposed to
demonstrate the correctness of the new theory or to disprove the old, then this



Downloaded by [University of Regensburg] at 05:21 05 December 2011

132 A. B. Migdal

view has no relation to science and, at best, can only have pedagogical value.

There is one universal criterion for distinguishing between scientific and
unscientific questions. Any statement which cannot, even in principle, be
tested, is unscientific. This criterion is called the principle of observability.
It does not necessarily involve an actual test, only the theoretical possibility
of carrying one out. It can be applied even to theories which do not describe
our world and yet are logically tenable (as, for example, Lobachevsky’s
geometry). The theory is scientific if what follows from it can be imaginarily
tested, using figurative experiments within the context of the imaginary world
it describes, or, in short, if it leads to definite relationships between the
quantities which enter into it.

One very good illustration is the concept of a God. If God is seen as a
spiritual substance which has no influence on the laws of Nature, then his
existence does not take the form of observable relations between different
quantities and, consequently, such a God, according to the principle of
observability, is an unscientific concept. On the other hand, if God is a
material force, which has an influence upon the laws of Nature, then his existence
is a question which science can decide. The scientist can only say that there
are no experimental data which need to be explained by such a concept: all
the known laws of Nature have been satisfactorily explained without introducing
the concept of a force outside if.

Very often, queries which arise in the early stages of the work disappear or
are cleared up by pronouncing the magic words, ‘‘ formulate the question in
terms of observable quantities .

The principle of observability led to a brilliant finding at the beginning of
the twentieth century. Before Einstein, the concept of the simultaneity of
two events was understood intuitively. FEinstein, basing his assumptions on
the constancy of the speed of light, suggested a very simple method for testing
the simultaneity of two events. Two flashes of light at points A and B can be
considered simultaneous if the light from them simultaneously reaches a point
lying in the centre between A and B. From this definition, it immediately
follows that events which are simultaneous to a stationary observer are not
simultaneous to an observer moving relative to points A and B. And in turn,
it follows from this that the moving observer experiences time differently from
the unmoving observer and therefore that time is a relative concept. Thus, in
offect, the whole theory of relativity was arrived at through the consistent
application of the principle of observability to the concepts of space and time.

Niels Bohr and Werner Heisenberg submitted such concepts as the position
and momentum of particles to the test of observability. They found that in
principle it was impossible to make exact measurements of position and
momentum simultaneously. The more exactly you measure the position, the
more indefinite become the readings for the momentum and vice versa. It
was in this way that the uncertainty principle came into being. It was this
relationship which formed the basis of a new mechanics, quantum mechanics,
which took the place of traditional mechanics as applied to small objects.

2.7. Ageing in scientists

There is yet another danger which threatens the scientist and that is * growing
old’. I have put these words in inverted commas as I am not referring to
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literal old age. This type of ageing begins imperceptibly: it is very tempting
to delegate routine work to younger colleagues, so as to leave oneself more
time for important scientific business. Bit by bit, even calculations and some
of the thinking are delegated. This cannot be done, just as you cannot
maintain a relationship with a person you love through an intermediary. As
soon as the scientist ceases to do his work for himself, make his own measure-
ments if he is an experimentalist or do his own calculations if he is a theoretician,
‘old age’ sets in, regardless of his years or qualifications. The capacity for
wonder, the joy in each small step forward are lost, the desire to study
disappears, conceit and self-importance appear and he starts to want only to
solve problems of worldwide significance. Suddenly, he seems to produce
works for publication faster than ever before; he acquires an inflated sense of
the importance of his own opinions, a belief in their infallibility; he starts to
think that it is enough to spend half an hour a week in the vicinity of each
piece of apparatus in order to become the co-author of a work. Perhaps I
should qualify this: in some instances, the opinion of a qualified and experienced
person can have a decisive influence on the course of a piece of work. Some-
times the advice given can turn out to be so valuable that it does give the
right to co-authorship. But, with this one exception, to take part in a large
number of publications at once is usually a sign that one must be on one’s
guard, for often the scientist who does this not only does not command respect,
but he lays himself open to ridicule. How do you explain this to the sufferer
himself? Perhaps that unfortunate question that always appears on question-
naires, ‘“how many scientific papers have you published?” should be
dropped and replaced by, ““ what original results have you obtained? ”
“ what problems have been solved as a result of your work? ”, or, if it really is
necessary to quantify, “ how many references have been made to your works? .

Besides the proliferation of scientific journals, unbridled writing creates an
unhealthy atmosphere of cheap success which is quite alien to the purposes of
science. One’s sense of responsibility starts to be eroded; when writing an
article, one ceases to weigh every word one writes in fear of making a misleading
statement. One is reassured by the thought that, despite the errors, a mistaken
theory can often point the way to a true one, etc. . . . Bit by bit, the scientific
content gives way to observations of a general nature, the proportion of
descriptive writing in the article increases and the number of formulae decreases.
The ageing scientist tries to compensate for his lack of new ideas by making
witty allusions. When, from time to time, he tries to return to true scientific
writing, then his works, even those that seem to him original, have one thing
in common: they are not new works at all but criticisms of the works of others.
We can all think of examples of people who have ended up like this. This
sort of activity is no substitute for the joy of true scientific research, and it
nearly always gives rise to a deep, sometimes concealed feeling of dissatisfaction.
Such is the price of neglecting scientific work.

On the other hand, the scientist who loves his work can go on producing
original results to the end of his days, although there are many who think
otherwise, I would maintain, wrongly. In V. Polinin’s book on genetics, called
“ Mummy, Daddy and Me ” he says, ““ Science is capricious, she loves the
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young . .. her preference is for the light-headed muddler, but she is obsessed
with the soul of the rebel and the revolutionary . Surely, it is self-evident
that a man with these characteristics could never, at any age, accomplish
anything even mildly useful in the interests of science, let alone anything
remarkable.

It seems to me that success in science is not a matter of age, but of a certain
sort of ability linked with a certain psychological disposition. These things
do not improve with age, but they do not deteriorate either. However, this
being so0, how are we to deal with, what is undoubtedly true, that almost all
important scientific discoveries have been made by young people? It is
sometimes concluded from this statistical truth that it is only possible to do
significant work in mathematics-or theoretical physics up to the age of thirty.
But here we are dealing with a very widespread source of fallacies, incorrect
analysis of the statistical data. It would be easy to demonstrate the error of
this assertion using examples, but instead, let us try to understand the reasons
behind this statistical pattern. First of all, the statistics merely indicate a
correlative (accompanying) connection between age and scientific success; it
by no means follows from this that the connection is inevitable and springs
from the nature of the work itself. Besides, the statistics are distorted by the
fact that many scientists ‘ drop out ’ for personal reasons that tend to (but do
not necessarily) coincide with middle age: family responsibilities, illness,
complacency. Scientific research is demanding work and there are many
people who cannot stand the pace and change to lighter occupations.

One real and serious (though not insurmountable) difficulty lies in the fact
that a scientist is cbliged to change his system of views, his style of work and
sometimes even his own mentality with each major discovery. This is some-
times easier for a younger man who is not overburdened with his own established
ideas. However, the habitual flexibility of ideas which grows with experience
in research can compensate for this beginner’s advantage. In any case, the
capacity to accept what is new tends to be a personal quality rather than one
that is peculiar to a certain age-group. Therefore the age limit for scientific
work cannot be established statistically, but is determined by the individual
characteristics of the scientist.

But the chief cause of premature ageing, in my opinion, is that a scientist
who has experienced success in early youth is often weakened by a desire to
achieve further results of no less significance, and is thus deprived of that
disinterested joy in his day-to-day work, that delight