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THE CONCEPT OF «<MODERN PHYSICS»
AND AN EXTENDED NEEDHAM QUESTION

Gennady E. Gorelik - PhD In discussions about the Scientific Revolution, a key expression is
in Physical and Mathematical “modern science”. Its traditional understanding - mathematiza-
Sciences, Member tion and experimentation - is too weak: Euclid’s geometry and
of the History of Science Archimedes’ physics were both perfectly mathematical and were
Society, Retired; based on objective experience. And it is too strong: in natural sci-
e-mail: gennady.gorelik@ ences beyond physics, math is quite limited. Joseph Needham
gmail.com in his Grand Question actually focused on modern physics originat-

ing with Galileo. To make this question really historical, it is nar-
rowed down to physics and expanded in cultural time and space:
Which feature of modern physics, absent in Greco-Roman and
Medieval sciences, prevented the next major advance after Ar-
chimedes, and prevented non-Europeans to join modern science for
centuries after Galileo and up to the 20" century? In modern
physics, besides the tools of mathematics and experiment, no
less important is the third tool, described by Einstein as «the
boldest speculation [to] bridge the gaps between the empirical
data». This tool implies belief in the hidden fundamental laws of
the universe and the right to invent fundamental concepts that
are not directly observable, but can be tested experimentally
along with the theory based on them.

Such a belief, or the postulate of modern science, is the key dis-
tinction of modern physics. Among the great modern physicists
there were eight theorists who successfully invented new funda-
mental concepts. And each of these inventions led to break-
through advances of modern physics.

Keywords: modern physics, the Needham question, fundamental
concept, the Scientific Revolution, the postulate of modern science

I-IOHFlTI/IE «COBPEMEHHA{A ®U3NKA»
N PACLLUMPEHHbIA BOMPOC HUASMA

lopenunk feHHagmit B AWCKYCCUAX O «HAayYHOW PEBO/IIOLMM Y KIOUEBOE BblPaXKeHue -
EdumoBuY - KaHanaat «COBPEMEHHas HayKa». Ero TpaguLMOHHOE NOHWMaHue - mate-
dU3MKO-MaTeMaTUHECKUX MaTM3aLMs U onopa Ha OnbIT. 3TO MOHUMAHWE C/IMLIKOM LUMPOKO,
Hayk, 4iieH O6LLecTBa UCTOPUM  MOCKOJIbKY reoMeTpust EBkAnga u ¢ousmka Apxumesa 6buim Mate-
HayKu, MEHCUOHEP; MaTUYECKM COBEPLLEHHbBI U OCHOBbBIBA/INCb HA OGBEKTUBHOM Oflbl-
e-mail: gennady.gorelik@ Te. /1 OHO ke C/IMLLKOM Y3KO, MOCKOJ/IbKY B HayKe 3a npegenamu
gmail.com bU3MKKM MaTeMaTHKa NPUMEHSETCS BeCbMa orpaHuyeHo. [xosed

Hupsm B dopMynmpoBKe cBoero «BesmKoro Bonpoca» Nof, «Co-
BPEMEHHOM HayKoMn» paKTUYeCcKM noppasymMeBas COBPEMEHHYIO
dU3MKy, HayaTyto Fanuneem: «loyeMy coBpeMeHHAs HAyKa, C ee
Mamemamusauueli ruriomes o npupoje U C ee poJibio B CO34a-
HUU nepefoBoli mexHo/10ruu, BO3HUK/A Aullb Ha 3anage Bo Bpe-
meHa lanunes, a He B Kumae, rae o XV B. 3HaHUs o npupoje
MPUMEHSIUCL K MPAKMUYeCcKUM HY>XAAM HAMHOro 3ggpekmus-
Hel, 4eM Ha 3anazge?». Mo MHeHUIO BIN3KUX COTPYAHUKOB Huas-
Ma, TaK CGOPMYNIMPOBAHHbBIN BONPOC HE MOXET UMETb UCTOpUYe-
CKOro OTBETA, XOTb 3BPUCTUYECKM OH U CbIrpas OrpoOMHYIO posb
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B MOTMBaLMKN caMoro Huaama u ero nocsiefoBatesieil B CpaBHU-
TE/IbHOM U3YYEHUWN UCTOPUM HAYKU B PasHbIX Ky/abTypax. YTobb
cpenatb Bonpoc HuasmMa noasIMHHO UCTOPUYECKUM, ero cneayeT
nepebopMynnpoBaTb, OrpaHUYMB GU3UKOW U PaCLUMPUB B KyJlb-
TYPHOM BpeMeHU U npocTpaHcTBe: Kakasi ocobeHHocmb coBpe-
MeHHoU ¢u3uKu, omauyarLas ee om Hayku [peko-Pumckoli
U cpesHeBeKoBoOU, MeLlaaa ciegytolemMy B3iemy Gu3UKU rocae
ApxuMefa u rnomeLLana y4eHbiM Bocmoka nogxkaouumscs K pas-
BUMUIO Hayku nocse lanunes u Brsoms o XX B.? B coBpeMeH-
HOW ¢U3MKe, MOMMMO MaTeMaTUKU U OMbITa, HE MEHee BaXeH
TPETUI MHCTPYMEHT, ONUCAHHbIN MHLLTEMHOM KaK «CMeneviliee
n306peTeHne MOHSATUIA, CBA3bIBAKOLWMX Pa3PO3HEHHbIE IMMNUPU-
Yyeckue AaHHble». ITOT MHCTPYMEHT NoAPasyMeBaeT CKpbITble, HO
[OCTYMNHble MO3HaHUI, GyHAAMEHTaNbHble 3aKOHblI BceneHHol
1 NpaBo nsobpeTatb pyHAAMEHTAIbHbIE MOHSATUS, HEOBXOANMbIE
ONS ONMUCaHWUSA SBNIEHUI, BbIXOAAWMX 32 Npeaesbl 06blaeHHOro
onbiTa. HoBble GyHAAMEHTa/IbHbIE NMOHATUS COBPEMEHHOMN HayKu
HENocpeacTBEHHO He Hab/IOAAEMbBI, HO NMPOBEPSIEMbl 3KCMEPU-
MEeHTa/IbHO BMECTE C OCHOBaHHOM Ha HUX Teopueid. Mo Bbipaxe-
HUIO DUHLITEMHA, TaKMe MOHATUA «ABAAIOTCA CBO6OAHBIMU U306~
peTeHUsMN YeNoBeYeCcKoro fyxa, JOrM4yecku He BbIBOAUMbBIMU
13 onbITa», a, NO BblpaXkeHWto bopa, OHW JOMKHbI GbITb «A0CTa-
TOYHO 6€3yMHbI, YTOObI MMETb LLIAHC OKa3aTbCsl MPaBUJIbHbIMU Y.
W, neicTBuTENbHO, BCE HOBble (YyHAAMEHTA/IbHbIE MOHATUA CO-
BPEMEHHOM GU3NKM Ka3aiUCb HENOTUYHBIMU U fJaxe abCypaHbl-
MU KoaneraMm usobpetatens npy NePBOM UX NOSIBNIEHWUM B s3blKe
HayKu 1 NoJly4ann NpusHaHue nLlb Nocsie ycrnexa TEOpUin, OCHO-
BaHHbIX Ha HWX. MPaBO Ha TaKoI TPETUIN UHCTPYMEHT, UK MOCTY-
NaT COBPEMEHHOI HAayKU, SB/SIETCS K/OYEBbIM OTIMYMEM COBpe-
MeHHON ©¢u3MKKn ot ao-fannneeson. B uctopumn coBpemMeHHoM
®U3MKM UL BOCbMU TEOPETUKAM YA,aNn0Ch YCMeLwWwHo n3obpectu
HoBble dyHAAMEHTa/IbHbIE MOHATUA. ITO acTpo-mMaTemMaTuku Ko-
nepHuk u Kennep, v ousmku lanunen, HbloToH, Makceenn,
MnaHK, dHWTENH 1 bop. N Kaxxgoe us ux nsobpeteHuin npuBeno
K MPOPbIBHbIM JOCTVXKEHUAM HayKu.

KntoyeBbie coBa: coBpeMeHHas ¢u3uka, Bonpoc Huasma, dyHaa-
MeHTa/IbHoe MOHATUE, HayyHasi peBo/IoLMs, NOCTY/IaT COBPEMEHHOM
HayKu

In world history, there were three major upsurges in scientific activity
(and two declines), separated in space and time: the Greco-Roman period,
the Islamic Golden Age, and the Modern European period.

Greek science emerged from the quest started by the Thales’ ques-
tion: What is the Arche (the first principle) of “everything that exists”?
Various attempts to answer and develop this question led to the invention
of the most convincing - axiomatic - system of theoretical knowledge
in the form of Euclid’s geometry and Archimedes’ physics. Both the ax-
iomatic ideal and these two theories remain valid to this day, although
Greek science started to decline long before the fall of the Greco-Roman
civilization.

A millennium after Archimedes, the scientists of the Islamic Golden
Age started to assimilate and advance the scientific and technological
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achievements of Greco-Roman antiquity, India and China. Arabic became
the language of the most advanced science, however, by the 13" century,
science in the Islamic world went into decline.

The next major upsurge of scientific activity started in the mid-16™ cen-
tury as Copernicus’ heliocentrism. The ensuing century and a half is
traditionally associated with “the Scientific Revolution» that resulted
in the emergence of «modern science.” Both expressions are vague
enough to allow prominent historians of science entitle their articles:
“Was there a Scientific Revolution?” [Harrison, 2007; Heilbron, 2013].
Nevertheless, one feature of modern science stands out: unlike previous
forms of science, the new one, for a few centuries up to the 20™, was
adapted and advanced only within the European cultural realm. This
feature was famously articulated by the prominent biochemist, historian
of science, and renowned sinologist Joseph Needham [1969, p. 16, 190;
2004, p. 1]:

“Why did modern science, the mathematization of hypotheses
about Nature, with all its implications for advanced technology, take
its meteoric rise only in the West at the time of Galileo?”, and why
“had [it] not developed in Chinese civilization”, which in the previous
many centuries “was much more efficient than Occidental [civiliza-
tion] in gaining natural knowledge and in applying it to practical hu-
man needs”?

Evidently, Needham [1959, p. 156] had in mind modern physics, as
he wrote: “the experimental-mathematical method, which appeared in al-
most perfect form in Galileo... led to all the developments of modern sci -
ence and technology”.

Today, the word “science” is used much more broadly. Some histori-
ans of science use it “inclusively to cover studies of art, literature and
music... as well as facets of the physical and organic world” [Ganeri
2013]. But Needham, in his question, was aiming at the origin of the nat-
ural sciences which played a key role in the 20" century and appeared to
be universal and cosmopolitan.

The biochemist’s view of Galileo as the originator of modern sci-
ence is supported by the views of two top theoretical physicists from the
20™ century. Albert Einstein and Richard Feynman were sufficiently in-
terested in the origin of their profession to state that “Galileo... is the fa-
ther of modern physics — indeed, of modern science altogether”, and that
“the sciences have developed in a very good way directly and continu-
ously from [Galileo’s] original ideas, in the same spirit he developed”
[Einstein, 1960, p. 271; Feynman, 2005, p. 105].

A historian of science would add that Galileo had mastered Archi-
medean physics before Copernicus’ discovery inspired and challenged
him, but a proper question would be: What was the actual innovation
of Galileo that changed science so much and accelerated its progress

a hundredfold?
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Hereafter in the article the expression “modern science” means first
of all “modern physics”, though in the 17" century the accepted term was
“philosophy” or “natural philosophy”.

An Extended Needham Question

By the time Needham came to his question, the birth of modern science
had already been termed “the Scientific Revolution” and explained in vari-
ous ways: the needs of a capitalist economy, Protestant ideology, the
“mathematization of nature”, contacts between scholars and craftsmen,
geopolitics, etc. [Cohen, 1994]. Inspired by Marxist historians of science
B. Hessen and E. Zilsel, Needham himself looked for a “sociological”
explanation that engaged “the rise of the bourgeoisie”, though none of
the suggested explanations satisfied him [Needham, 1971, p. vii-x; Need-
ham, 2003; Gorelik 2018].

Needham, an eminent British biochemist, historian of science as
a worldwide ecumenical enterprise, and greatest advocate of Chinese cul-
tural heritage, was uniquely qualified to pose his “Eurocentric” question
[Mougey, 2017; Mei, 2020]. He fell in love with China in the late 1930s,
and this love affair helped him absorb a wealth of information about
Chinese history [Needham, 1977]. However, his closest prominent col-
leagues in sinology were quite skeptical about his question. N. Sivin
[1982] criticized it as a counterfactual question about a unique event,
though he qualified it as a heuristic question. According to G. Lloyd
[2020], “we might conclude that the question as posed is incapable of
resolution. The conclusion looms that what Joseph [Needham] continued
to be preoccupied with was really an unanswerable question to which he
failed to find a fully satisfactory solution”. At the same time, there is con-
sensus that a “by-product” of Needham’s preoccupation with the unan-
swerable question, his multi-volume “Science and Civilisation in China”,
is a monumental achievement. Unlike his colleagues in history of science,
Needham was loyal both to the history of pre-modern non-European sci-
entific endeavors and to modern science, which was his main occupation
in the first decades of his professional life. Apparently, that is why he
was so interested in the “genealogy” of the science that so profoundly
changed the world in the 19"-20™ centuries.

Anyway, the discussion about the Scientific Revolution continues
without consensus in sight,! and the Needham question is passionately
(and heuristically) debated both in the West and the East.2 For example,

1 Cf. [Cohen, 2010; Huff, 2011; Heilbron, 2013].
2 See [Dun, 2000; Ducheyne, 2008; O’Brien, 2009; Raj, 2016; Jin, 2016; Mackerras,
2018; Hsia, Schafer, 2019].
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an Indian astrophysicist, basing on his experience in India and the US,
came to the conclusion that “it is necessary to have a proper [‘Western’]
psychological gestalt to practice science satisfactorily” and tried to explain
why it is “difficult for non-Western scientists to acquire” this “gestalt”
[Choudhuri, 1985]. Two Chinese historians of science in their paper on the
Needham question at the International Congress of History of Science and
Technology of 2009, made an assessment: “Compared with the huge sys-
tem of universities and research institutes and the large number of re-
searchers in contemporary China, the quantity of original scientific work
accomplished is embarrassingly small” [Liuxiang, Xiaoye, 2009].

To make the Needham question historically answerable, it should
be narrowed down to physics and expanded in cultural space and time.
Indeed, refuting Aristotelian physics, Galileo relied on the science of
the “superhuman” and “the most divine” Archimedes [Galilei, 1590,
p. 50, 115]. A reasonable historical question arises: Why did Greco-Ro-
man scientists, for quite a few centuries after Archimedes, and then Ara-
bic scientists, who had mastered Greek science long before the Euro-
peans, fail to get ahead of Galileo, whose mathematics and experiments
did not go beyond the capabilities of Archimedes? While the Galilean
science was quite easily transplanted and took root in European coun-
tries, it failed to take hold in China, India and the Islamic world, whose
innovations in science and technology had been assimilated in Europe
by the 16™ century.

The socio-cultural infrastructures of the great Eastern civilizations
differed from each other no less than they differed from the European one.
Thus, the real historical question is not why modern physics emerged
in the West in the time of Galileo, but why it took so long since the time
of Archimedes, and why Eastern civilizations were so delayed in joining
modern physics.

Since these civilizations are so different, the comparative history
of science founded by Needham is to be engaged, and, in the words of
G. Lloyd [2020], “a satisfactory account of what ‘the’ ‘modern’ scientific
method consists in” is to be produced. If modern physics differs qualita-
tively from previous forms of science, the Needham question should be
reformulated:

What feature of modern physics, which was absent in the Greco-
Roman and medieval sciences, for many centuries prevented the next
major advance after Archimedes and prevented non-Europeans
from joining modern physics for centuries after Galileo and up to
the 20" century?

Such an extension of the Needham question expands its range in his-
tory to twenty-three centuries, and in geography to include Russia, where,
despite the absence of native scientific tradition, modern science success-
fully took root as early as the 18™ century.
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There are quite a few likely sociocultural factors for science to flour-
ish: institutional and human resources for education, general literacy rate,
book printing, etc. But to deal with the origins of modern science, the first
question is whether there is a key difference between modern physics and
Greek science as convincing systems of objective knowledge.

Modern Physics Is Fundamental
and «Crazy Enough»

Needham [2004, p. 1] had a quite traditional definition of modern science
as “the combination of mathematized hypotheses about natural phenom-
ena with relentless experimentation.” Such a definition is too strong be-
cause the role of «mathematization» in natural sciences beyond physics
is far more limited. And it is too weak because the greatest scientific
achievements of ancient Greece - Euclid’s geometry and Archimedes’
physics — were perfectly mathematical and based on objective experience
(Euclid’s geometry, before Lobachevsky, could be considered a natural
science, and indeed was so considered by Galileo). In short, the Greek
ideal of knowledge as an axiomatic system is alive and well in modern
physics. So what has changed?

According to the historian of medieval and early modern science,
A.C. Crombie [1959, p. 122, emphasis added]:

“[T)he Scientific Revolution came about rather by a systematic
change in intellectual outlook, in the type of question asked, than by an
increase in technical equipment. Why such a revolution in methods of
thought should have taken place is obscure. It was not simply a continua -
tion of the increasing attention to observation and to the experimental
and mathematical methods that had been going on since the 13" century,
because the change took on an altogether new speed and a quality that
made it dominate European thinking.”

Indeed, back in the 13™ century, four centuries before Galileo,
Roger Bacon stated: “He who is ignorant of mathematics cannot know
the other sciences and the things of this world», and «He, therefore,
who wishes to rejoice without doubt in regard to the truths underlying
phenomena must know how to devote himself to experiment” [Clegg,
2003, p. 170, 175].

Measuring experiment and mathematics are indispensable to justify
or reject a theory expressed in quantitative language. But in modern
physics, a third tool, described by Einstein [1952, p. xxix] as “the boldest
speculation [to] bridge the gaps between the empirical data”, is no less
important. It is inventive imagination, rather than mathematical or em-
pirical inferences [Cohen, 2017]. Inventive imagination was the first
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step in the enterprise of modern physics, as depicted by Einstein [1993,
p. 137] in the following diagram:

A

S S: O S3

E V \4 Vi

Here axioms A, including the fundamental concepts for their for-
mulation, are “free inventions of the human spirit (not logically deriv-
able from what is empirically given)” [Einstein, 1949, p. 684, emphasis
added]. Extra-logical inventive intuition takes off from the ground, or,
rather, the runway, of experience E. At the second step, some state-
ments S, are derived from A to be checked by landing in the E at the third
step. If the landing is successful, the whole theory, including the invented
fundamentals, is justified.

Creative intuition is a mysterious combination of a person’s cultural
resource, experience and genetics. According to Einstein [1930, p. 375]:
“The intuitive and constructive spiritual faculties must come into play
wherever a body of scientific truth is concerned... Our moral leanings
and tastes, our sense of beauty and religious instincts, are all tributary
forces in helping the reasoning faculty towards its highest achievements”.
(I would dare to edit it a little: “...helping [or hindering]...”, but anyway
“participating in the reasoning”, and, thereby, deserving the attention of
historians of science.)

Acknowledging his belief “in intuition and inspiration” Einstein
[1931, p. 97] explained: “Imagination is more important than knowledge.
For knowledge is limited, whereas imagination embraces the entire
world, stimulating progress, giving birth to evolution. It is, strictly speak -
ing, a real factor in scientific research.”

The words “intuition” and “imagination” are used by historians
of science, when they have exhausted the documented scientific circum-
stances for the invention-discovery in consideration. These deeply per-
sonal notions are associated with thinking styles that can be very different
for different creative people.

The inventor’s imagination finds in his experience a reason to in-
vent new concepts to formulate a new postulate, which - at the time
of invention - seems absurd for non-inventors. In the words of Einstein
[1993, p. 147, emphasis added], “Concepts can never be derived logi-
cally from experience and be above criticism... Unless one sins against

164



THE CONCEPT OF <MODERN PHYSICS»... %

logic, one generally gets nowhere.” Here he apparently means “against
the logic of previous theory (or common sense)”, since there is no
other logic when an inventor’s intuition takes off. Those extra-logical
“free inventions of the human spirit” are really illogical for colleagues
of the inventor.

Niels Bohr expressed the same understanding in discussing the idea
of a new fundamental theory (suggested by W. Heisenberg and W. Pauli
in 1958): “We are all agreed that your theory is crazy. The question which
divides us is whether it is crazy enough to have a chance of being cor-
rect” [Dyson, 1958, p. 80, emphasis added].

Einstein’s diagram describes only one cycle in the development of
fundamental physics. In the course of its implementation and in the appli-
cation of a new fundamental theory to new phenomena, new unexplain-
able experimental results or contradictions within the theory may appear.
To comprehend such results and/or to resolve contradictions, new funda-
mental concepts will have to be invented and connected with the old fun-
damentals by certain correspondence. And then the next cycle of develop-
ment begins according to Einstein’s scenario.

Here is the key difference between Galileo’s physics and the science
of Euclid and Archimedes, as well as the principal similarity between
Galileo’s physics and the physics of Einstein and Bohr. In Euclid’s geome-
try and Archimedes’ physics, all the fundamentals stemmed (were taken)
from common - visible-tangible - experience of land measurement and
weight measurement (point, straight line, lever, balance scale and their ax-
iomatic, i.e. self-evident, properties). On the other hand, in modern physics
fundamentals are far from self-evident, they had to be “crazy enough”, and
their validations were results of the whole scientific enterprise joining the-
ory and active experimentation well beyond common experience.

Of course, modern physics is an experimental science, and the main
source of new knowledge is experimental discoveries, sometimes initi-
ated by accidental observations (e.g. by Oersted, Roentgen, Becquerel,
Rutherford...). However, without invented fundamental concepts - “in-
visible, illogical, and crazy enough to be correct” - physicists would not
have the necessary words to describe and understand the puzzling results
of experiments, to construct theories to explain them, and to conceive
new experiments.

To invent a new fundamental concept, a modern physicist has to be-
lieve that: the Universe is governed by profound exact laws that are
hidden like the foundation of a building, but physicists have inalien-
able right to explore and comprehend these laws by inventing invisi-
ble, “illogical” (even absurd at the time of the invention) fundamen-
tal concepts to be empirically verified along with the theory, based
on them.

Such a belief could be called the postulate of modern science [Gore-
lik, 2017], or the postulate of fundamental cognitive optimism, combining
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boldest inventiveness with a humble need for objective empirical verifi-
cation - the most fruitful attitude for modern science.

“The Magnificent Eight” Fundamental Inventors
in the History of Modern Physics

The boldest idea of Copernicus, which, in his own words, “seemed ab-
surd” [Copernicus, 1992, p. 5], was to take a careful look at the planetary
motions from the “solar point of view”. Kepler’s boldest idea in dealing
with extensive observational data was that the planetary motion is gov-
erned by a mathematically perfect law. For both of them, fundamental
cognitive optimism supported laborious mathematical processing of as-
tronomical data. Therefore, Copernicus and Kepler could be called funda-
mental astro-mathematicians.

Galileo became the first modern physicist by establishing the method
of modern physics. He invented the first “illogical” physical concept —
the vacuum (void) - despite the authority of Aristotle, who had “logically
rejected” this notion. While scholastics discussed vacuum within the
framework of logic and theology as “the conception of an infinite sepa-
rate space distinct from matter and associated in some manner with an
omnipresent divine immensity”, “Galileo fails even to discuss the subject”
[Grant, 2004, p. xii]. Indeed, Galileo was thinking about quite specific
and experimentally observable earthly motion - free fall, and traditional
theology had nothing to do with this thinking.

It was evident not only to Galileo that Aristotle’s “law of fall” (that
“swiftness of the mobile” is proportional to its “heaviness”) was wrong,
but the question was whether some “natural” (general, universal) law
does exist. Being inspired by the physics of Archimedes and basing his
own experiments on empirical realities, Galileo launched his “boldest
speculations” about motion in vacuum, employing mathematical language
and landing his speculations back in the empirical reality [Galilei, 1590,
p. 34; Fredette, 2001, p. 165-181]. He never experienced vacuum through
his senses and scientific instruments, but while comparing motions in air
and water, he invented the concept of vacuum as a “medium totally de-
void of resistance” [Galilei, 1914, p. 72] and finally came to the first uni-
versal laws - the law of free fall, the law of inertia, and the principle
of relativity.

The next “invisible and illogical” fundamental concept - universal
gravity - was invented by Newton who developed Galileo’s physics into
an integral system of classical mechanics. The new fundamental concept
seemed absurd not only to such great scientists as C. Huygens and
G. Leibniz, but also to Newton himself - even six years after he had pub-
lished his Principia:
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“That gravity should be innate, inherent, and essential to matter, so
that one body may act upon another at a distance through a vacuum, with-
out 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 fac -
ulty of thinking can ever fall into it. Gravity must be caused by an agent
acting constantly according to certain laws, but whether this agent be
material or immaterial is a question I have left to the consideration of my
readers” [Westfall, 1983, p. 472, 505]. (Newton’s intuition was compe-
tent enough: in Einstein’s theory of gravity, the “agent acting constantly
according to certain laws” is the geometry of space-time, and I would
leave to the readers to decide whether it is material or immaterial.)

The next fundamental concept - electromagnetic field — was invented
two centuries later by Maxwell (who, most likely, would have recalled
Faraday’s “crazy” concept of “lines of force”, which was the starting
point for Maxwell). And then in a few decades Planck, Einstein and Bohr
invented such fundamental concepts as quanta of energy, invariance of
the speed of light, quanta of light, curved space-time, quantum states.
The new theories based on these fundamental concepts, did not reject
the old ones, but rather limited their applicability and established a work-
able correspondence between them, - another key feature of modern
physics.

In total, as far as I can see, there were “the Magnificent Eight” fun-
damental inventors in the history of modern physics.

Describing Galileo’s “experimental-mathematical method”, Need-
ham included, as a key element, the “formulation of a hypothesis involv-
ing a mathematical relationship”, and mentioned just in a footnote, that
“Galileo did not hesitate to use concepts of the unobserved and the un-
observable - such as a perfectly frictionless plane, or the motion of
a body in empty infinite space” [Needham, 1959, p. 156, emphasis
added]. Indeed, at the turning points in the history of modern science, be-
fore formulating a new fundamental theory, its author invented specific
“concepts of the unobserved and the unobservable”.

It is a remarkable historical fact that new fundamental theories “re-
warded” their inventors with consequences-achievements about which
they did not think about when introducing new concepts. Galileo’s idea to
describe the fall of bodies in a vacuum appeared already in his 1590 man-
uscript, long before the decisive experiments and reflections that helped
him come to the three fundamental laws two decades later. Newton’s idea
of universal gravity two decades later helped him create a general system
of classical mechanics [Gorelik, 2023]. Maxwell, having discerned the
concept of an electromagnetic field in Faraday’s “lines of force”, built
a fundamental system of laws of electromagnetism, and as a “reward” he
discovered the electromagnetic nature of light. The “rewards” of quantum
and relativistic concepts are well known.
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The Galilean way of advancing science became the most powerful
engine in modern physics. The triumphal success of Newton’s advances
was also an inspiration to other natural sciences. The concepts of atoms
in chemistry (~1800), discrete material units of heredity in biology and
movable continents in geology (~1900) were no less hidden, invisible and
“illogical” than Newton’s gravity.

This new way of advancing science also manifested itself in unsuc-
cessful theories. One could say that the concepts of phlogiston and caloric
fluid were simply “not crazy enough” as they were invalidated by new
experiments.

Unlike ancient philosophical inventions such as apeiron, aether and
atoms, all the “crazy enough” fundamentals in modern physics were invented
in order to describe and explain quite specific observable physical phenomena.

The Origin of Modern Science
Is the Origin of Modern Physics

In 2015, the origin of modern science became the main subject of two
books: To Explain the World: The Discovery of Modern Science, by the
physicist (and Nobel Prize winner) S. Weinberg [2015], and The Inven-
tion of Science: A New History of the Scientific Revolution, by the histo-
rian D. Wootton [2015]. Both advocated the notion of “the Scientific
Revolution” (of the 16-17™ centuries) with modern science as its result,
both saw its origin as “astro-physical”, albeit they significantly differed in
their historical scenarios. For Weinberg, “Whatever the scientific revolu-
tion was or was not, it began with Copernicus”, and it was Galileo, who
“provided a paradigm for modern experimental physics”. For Wootton,
the revolution began in 1572 with Tycho Brahe, and “the first true sci-
ence” was astronomy.

Neither Weinberg nor Wootton provided an explicit definition of
“modern science”, while both emphasized the key role of experimental
verification. Here again one can see the key difference between modern
physics and the perfectly scientific theories of the great Greeks. Euclid’s
geometry and Archimedes’ physics made their experimental verification
somewhat redundant because their axioms were based on “self-evident”
everyday experience. The corollaries — geometrical and physical theo-
rems - logically derived from those axioms evidently needed no empiri-
cal verification, if the logic of derivation had not been broken. As for
the “crazy enough” fundamentals of modern science, they were so far
from self-evident that the only way to justify them was to test the state-
ments about specific physical phenomena logically deduced from the fun-
damentals in as many experiments as necessary to prove fundamentals
beyond reasonable doubt.
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Weinberg wrote that he first thought of using “The Invention of
Modern Science” as a subtitle, but chose “discovery” instead of «inven-
tion» to express his understanding of epistemology of science. On the
other hand, Wootton, quoting Weinberg’s book and sharing his epistemol-
ogy, chose the word “invention”. Since science as a system of convincing
objective knowledge was invented in ancient Greece, the first subtitle that
Weinberg had in mind seems to be more adequate.

The notions of “invention” and “discovery” are actually intercon-
nected and peacefully coexist in the history of modern physics. Before
discovering that a new fundamental theory was possible, modern physi-
cists had to invent “crazy enough” fundamental concepts — a radically
new words, or rather notions, in science. Those conceptual words were
used to formulate new fundamental postulates which were “not logically
derivable from what is empirically given” but testable in experiments.

Galileo was not the first to dare to deal with concepts of invisible -
“unobserved and the unobservable”, and he might have been encouraged
by the fruitfulness of “absurd” astro-mathematical heliocentrism of Coper-
nicus. But Galileo was the first to successfully demonstrate a new way of
investigating material world by “a systematic change in intellectual out-
look, in the type of question asked” and in the experimental answers he
sought. Thus, he did deserve to be nominated by Einstein for the title “the
father of modern physics”.

To dare to ‘the boldest speculation’, to overcome the ‘self-evident
absurdity’ of a new ‘crazy’ concept, the fundamental inventor had to rely
on some convincing (for him personally) observable phenomena related
to the new fundamentals, long before a full-fledged theory.

For Copernicus, the ‘absurd’ concept of heliocentrism was justified by
phenomena as observable from the “solar point of view”: the absence
of retrograde motion of the planets, their order around the Sun, the increase
in their periods of revolution with distance from the Sun, the proximity
of Venus and Mercury to the Sun, as observed from the Earth. For Galileo,
the anti-Aristotelian physical concept of vacuum was justified by his exper-
iments with inclined planes and pendulums. And for Newton the absurd
concept of universal attraction was justified by the connection of the
Moon’s motion and the movement of a projectile he discovered in 1666
[Gorelik, 2023].

Those justifications, however, were not convincing to majority of col-
leagues of the first fundamental inventors because of inertia of thinking,
supported by the authority of Aristotle and Ptolemy. Galileo and Kepler
were among the tiny minority who accepted Copernicus’s “boldest guess”
as the actual physical truth, despite the lack of a physical explanation for
why the Earth’s motion (at a speed of 30 km/s!) had no observable mani-
festations. At the same time, the great astronomer T. Brahe, who appreci-
ated the computational advantages of the Copernican system, “neutral-
ized” its physical heliocentrism.
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Fundamental inventive boldness is rooted in the mysterious depth of
“the human spirit” (aka intuition), beyond normative scientific logics.
In this depth, in the words of Einstein, “Our moral leanings and tastes,
our sense of beauty and religious instincts, are all tributary forces in help-
ing the reasoning faculty towards its highest achievements.”

The history of successful ‘crazy’ fundamental inventions in the first
century of modern physics was an inspiration for fundamental inventors
in the space-time of quantum-relativistic revolution of the 20" century.
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