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Abstract. Suppose Einstein had not existed. How, in the early twdntiehtury, might our
understanding of space-time physics have developed? apisrproposes a reconstruction
of history as it could have evolved, drawing on attestedKiresteinian works, and some little
known post-Einsteinian ones, as well as introducing a feagimary characters. The virtual
rise of Minkowskian chronogeometry will be reviewed, fosiag on:

— the discovery of the inertia of energy and the subsequemtaection of velocity-
dependent formulas for energy and momentum (Von Dida 1908eHierre 1909),

— the application of the Erlanger program to the constractib possible space-time
structures and classification of chronogeometrical grpfipm von Ignatowsky (1910,
1911), Franck and Rothe (1911,1912) to more recent work bypdRiville and Prostov.

Some secondary sources will also be discussed (Zweist®d%)1 Finally, the relevance of
such an approach, on educational, epistemological andralfrounds, will be highlighted.

This paper is dedicated to the memory of Stephen J. Gould
who so eloquently highlighted the contingency of natural
history , notwithstanding its rationality .

1. Introduction

Gedankenexperiments consist in asking contrafactuatignss “What if. . .?". It all started
when Galileo wondered “What if air resistance did not eXiat®d discovered the law of free
fall [1] . This strategy was later fruitfully extended andgudarised in physics, in particular by
Einstein. | propose to use it here, mophysics, bubn physics. Understanding the unfolding
of any specific stretch of history greatly benefits from inmaxgg how it could have developed
otherwise, if such and such crucial circumstance had betmett [2]. | will advance what |
believe to be a plausible scenario of the history of spave-physics at the beginning of the
twentieth century had Einstein not been there to make hilyjcslebrated 1905 breakthrough.
| will rely heavily on the thorough study by Arthur Miller ofrp-Einsteinian developments
[3], while inventing a few characters and contributionse(tatter usually corresponding to
real later work). May | suggest that, when first perusing praper, the reader should not
consult the references, so as to make up his/her own minddiegahe veracity of the facts
provided?

2. The Inertia of Energy

By the end of the XIXth century, the development of electrgnegic theory was leading
physicists to a fully electromagnetic worldview, accoglito which all phenomena could
ultimately be reduced to the interactions of electricalrgha through the ether. All properties
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of matter would be explainable in electromagnetic terms.sd/igself should then have its
origin in the electromagnetic field, as first suggested byrm$mn (1881). Drawing on a
hydrodynamical analogy, Thomson demonstrated that byredalty charging a conducting
sphere, one would change its inertia. The physical reaseriiveathe motion of body through
the ether generated an electrical current that gave risentagmnetic field acting back upon
the charge; this self-induction effect would modify therireeof the moving body (a primitive
example of renormalization). Thomson found that the add#l inertia was proportional to
the energy of the electrostatic field, with a coefficient afgmrtionality8/15¢2. Heaviside
(1889) corrected some errors of Thomson and found a coeffi¢j8c? (a correct derivation
of the exact factot /c*> would have to wait for Fermi, in 1922).

At all events, whatever the value of the coefficient, due ® ¥Rlocity dependence
of the field and its energy, the total kinetic energy of theyboduld no longer show the
usual quadratic dependence on velocity. However, obtgitiia exact formula proved rather
difficult, as the calculations depended upon ad hoc assongtoncerning the cohesive
forces holding the body against the internal repulsive Gl forces, as well as on its form
and its possible deformations when set into motion. Thusiesh® decade of confusion,
with various proposals as to the dependence of mass on theityeby Searle (1897), Wien
(1900), Abraham (1903), Lorentz (1904), Langevin and Bueh€l905); the trouble was
compounded by the distinction between a “longitudinal hasg and a “transversal mass”
my. Here is a small sample of the variety of the results obtained
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(with the definitions3 = v/c andm, = ¢*/Rc? in the usual notations being the radius of
the spherical charged body).

Meanwhile, Kaufmann’s experiments (1902-1903) confirnfedreality of the variation
of mass with velocity. However the confusion was exacerbdiy the question of the
agreement betwen the theoretical and the experimentdtseshe precision of which was
clearly overrated at the time (Kaufmann claimeti/aprecision for).6 < 5 < 0.9).

Many discussions on the nature and significance of this itgldependence took place
between Abraham, Lorentz, Kaufmann, Planck and Poincahne, had written as early as
1900 that “Electromagnetic energy can be viewed as a fluid wértia”. Finally, Planck, at a
famous Koln conference (1908) concluded to a general “laientia of energy” by showing
that the flow of any sort of energy, whether thermal, chemalaktic, gravitational, etc., could
be associated with a momentum density. At the same periodinénof the first important
American contributions, Lewis and Tolman (1909) stated tha variation of mass with
velocity transcended electromagnetic theory, and must beiaersal feature, independent
of the electric charge of the body [4]. Then, by the end of 1@@®ne the breakthrough. Von
Dida, a student of Planck, asked himself what could be thelsish and most natural form
for the inertiar of a body as a function of its velocity [5]. Here is how he preded, starting
from first principles. Von Dida first defined the (possiblyiadte) inertiaV of a body as the
coefficient of the velocity in the expression of the momentum

p= Nuv. 4)
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He thenassumedhe inertia of energy in its most elementary form, asking #mgy variation
in the energyl of the body would entail a proportional variation of its iti@rV:

dN = xydE (5)
wherey should be a universal constant. Finally, by recalling Heonik first equation,
dE
_ = 6
V= (6)

he had three relationships between the four magnitudesV, F, enabling him to express
for example the last three of them in terms of the first one. @we computes quite simply
dN = xvdp = xv(dNv + Ndv), hence

dN xvdv
N 1- xv?2’ (7)
so that
No

Of course, considering the low-velocity limit leads one dentify N, with the massn of

the body. Since the constagthas the dimensions of the inverse-square of a velocity, it is
natural to sety = ¢ 2, defining auniversalconstantc with the dimension of a velocity,
acting as a limit velocity for any massive body. Note thas not necessarily the velocity
of any specific physical agent, although of course it wasndtely to be identified with the
velocity of electromagnetic waves. Von Dida finally obtalrtbe following expressions for
the dynamical properties of a body :

m ) mu P mc? e ©)
, b= s Lipin = ——= —mc".
1 —v2/c? 1 —v2/c? 1 —v2/c?

(the last expression results from the fact that, becaugg)ofE = y !N + cst , and the
requirement that for the purely kinetic energy, one shoalblE);,, (v)|,—o = 0).

A puzzling consequence of these formulas was that they gatqoestion the very
notion of velocity. Indeed, since the momentum is no longepprtional to the velocity,
the conservation of the total momentum becomes inconsistéimthe usual law of addition
of velocities. But the trouble with velocity was still to e, as we are going to see.

N =

3. The New Conservation Laws

At the very same time, a young Swiss physicist, Albert Hueepi hit on a different but
related approach. Attending the 1908 Koln conferenceadiralluded to, he was stimulated
by conversations with Paul Langevin on the nature of cordienvlaws, and by a comment of
Minkowski at the end of Planck’s lecture: “In my view, the lalvmomentum is obtained from
the energy law; namely, in Lorentz’s theory, the energy laweahds on the reference system.
We write the energy law for every possible reference syssenthat we have many equations
and in those are contained the law of momentum” [6]. Hunep®idea was to exploit this
clue in order to characterize the functiafisu) andp(u) giving the energy and momentum of
a body in terms of its velocity (the change in notation with respect to the preceding sectio
is purposeful). In fact, he simply revived, in very geneeahts, considerations going back to
Huyghens. For the sake of simplicity, let us confine oursetae¢he one-dimensional case, so
that £ andp are an even and an odd function respectively [7]. Considgstas of interacting
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particles, with velocities,, (k = 1,2,...); itis ruled by the conservation laws for the total
energyF,,; and total momentum;,;:

B = YpE(u)=Cst
{ Dot = Ypp(ug) = Cst (10)

expressed in a particular inertial reference frame. Letavs describe the system in another
inertial reference frame, moving with respect to the first with velocityU. The crux of the
argument is tassume the additive law of combination for velocitesthat the particles now
have velocities

u, =up+U (k=1,2,...). (11)
The conservation laws in this new reference frame then read
E, = Sy EBu+U)= 057;’
Prot = 2pP(up +U)=Cst.
If we now require the two conservation laws to hold in all eqlent inertial frames, we see,
by developing the expressiofif)) in power series of/, that not only are the total energy and

momentum~ andp conserved, but also all the quantities formed by adding afstitcessive
derivatives of the individual energies and momenta,

d P d P
Zg(uk), Zd—ﬁ(uk),...,2£(uk), Zd—;;(uk)... (13)

k k k k

(12)

But we cannot have more than two independent conservatsy latherwise the collision
process would be overdetermined (as the case of two partieles clear). The “new”
conservation laws must therefore be offshoots of the “oldés Since the individual
velocities are arbitrary, the derivatives of the energymoedhentum functions must depend on
the energy and momentum for each particle separately. AmddHitivity of the conservation
laws requires this functional dependence to be linear. llyinthe even and odd nature
respectively ofE andp severely restricts the possibilities. For the first denies, indeed,
the most general expressions are:

dE
a7
(14)
dp =m+ xE
du

where we have chosen a coefficient unity in the first equaticcoraing to the usual
dimensional convention, and where the constant term inigtg-hand-side of the second
equation is identified with the mass of the particle in ordeecover the standard low-velocity
Newtonian expressions. By so doing, we automatically take be the purely kinetic energy
of the particle, since, in the cage= 0, one recovers fronill) the expressiong = mu
and E = mu?/2. Of course, we know, with hindsight, that the coefficignis the same as
in the previous Section, and we put= ¢~2. The solution of the systeifi1) of differential
equations, given the even and odd natur&@ndp respectively, is unique:

{ Erin = mc?[cosh (u/c) — 1]

p = mec sinh (u/c) (15)

Obviously, the comparison of the expressidng) with those given by(7) compounded
the problem concerning the very notion of velocity, to whiel will return anon. But
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Hunepierre’s major accomplishment, in a second paper ofsdme year 1909, was to
realize that the new formi12) of the conservation laws was inconsistent with the hitherto
unquestioned additivity of mass. It suffices to consider padticles, with the same mass
m. In the reference frame of their center of inertia, they haspective velocitieu, —u);

the internal energy of the system, that is, the kinetic gneifgthe particles in this very
reference frame thus 8y = 2mc? [cosh(u/c) — 1]. In another reference frame, moving
with respect to the first one with velocity, the particles have velocitids, + U, —u + U),

so that the total momentum ig = mc sinh (u/c+ U/c) + mc sinh (—u/c+U/c) =
2me cosh (u/c) sinh (U/c). However, on the other hand, the momentum of the system,
moving with global velocityU, should read, according to the second of equatiars,

p = Mecsinh (U/c), where M is its (total) mass. We are then led to recognize that the
total mass is given b}/ = 2m cosh (u/c) = 2m + E,/c*. Mass is no longer additive, and
any change in the internal energy of the system entails aoptiopal change in its mass,
Am = AFy/c*. Hunepierre then proposed to normalize the (hitherto ranyi} zero of
energies so as to include, for ady, its “mass energy’M¢? in its internal energy, which
enabled to write in full generality the now famous Hunemé&requation

M = Ey/c? (16)
which he jokingly transcribed as

Mass o Innergy. @an

4. The New Space-Time

By that time, that is, around 1910, it was becoming obviowd the changes in dynamics
(i.e. in the expressions for the energy and momentum) redar parallel modification in
kinematics (i.e. in the structure of space-time), as ithistd by the debate around the notion
of velocity.

It had been known for several years that Maxwell equationsewavariant under a
particular set of transformations, as noted by Lorentz 4)90vho left his name to them -
, and by Poincaré (1905), who emphasized the group steictuthis set. Minkowski had
given in 1908 a neat mathematical description of this pseundiidean group. Still, this
invariance property was thought to be specific to electraraigtheory, and its interpretation
was unclear. Poincaré, for instance, up to the end of lE€1i912), clung to an epistemology
which required Lorentz’s ether, and hardly allowed for agpbal significance of the Lorentz
transformations [8]. However, Sommerfeld, who had beenudestt of Felix Klein, was
familiar with the Erlanger program and the geometrical riptetation of transformation
groups [9]. He thus suggested to investigate the possdntsfiormation groups in space-time,
depending only on general and abstract requirementspé&ctise of the specific physical
phenomena (electromagnetic, gravitational or othershtalace on a supposedly universal
spatio-temporal stage.

In the early 1910s, several independent works appearetVirggohis question - with,
it must be said, rather awkward approaches and complicatiedlations, due to a lack of
familiarity with group theory (and with infinitesimal Lie gébraic methods in particular).
Various contributions by von Ignatowsky (1910, 1911), Ekaand Rothe (1911,1912), van
Rijn (1912), Hahn (1913), etc., finally converged towards fbllowing conclusion [10].
Under the very general assumptions of:

- homogeneity of space-time
- isotropy of space
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- existence of causal relationships,
the Lorentz-type transformations (written here in the dimeensional case)
/ T — vt
SRV
d= t — vz
V1—xv?

with a constangy > 0, are theonly possible ones. Of course, if these transformations are to
be universal, and if Maxwell equations are indeed corraw, ltas again to identify = ¢=2.
Under the influence of the Kleinian point of view, the theofyspace-time soon became
known under the very apt name of “chronogeometry”, or, maexigely, “Minkowskian
chronogeometry”, when necessary to distinguish it fromdlassical conception of space-
time or “Galilean chronogeometry” (which, it must be stexksindeed is a space-with-time
theory, as it already mixes space and time - or, rather, tintle space, if not space with
time as in the true Minkowskian case). Once this generalgammmetrical perspective was
adopted, it was a simple matter to understand the puzzliegqiena of so-called “length
contraction” and “time dilatation” aparallax effects in space-time, quite analogous to the
customary parallax effects in space. Langevin, in pariculvas especially keen on this
interpretation [11] .

(18)

5. Speeds

The confusion around the notion of speed was due to the egistef two equally natural
derivations for the energy and momentum, yielding the tworessions stemming froitY)
and(12) respectively, which we rewrite in the natural system of siaiteady advocated by
Planck, where = 1:

E = _n m coshu
1—02
(19)
S inh u
= —F— =71 S1n
b V1—?
It was immediately clear that the two competing notions wefated through
v = tanhu, (20)

but it was generally held that the ‘true’ velocity was since, after all it entered Hamilton’s
equation and was consistent with the old Galilean definiiorelocity as the ratio of the span
of space traveled by a mobile object to the time takenyie.Az/At. While most physicists
maintained that: was merely a formal quantity, a purely mathematical deotegrs insisted
that the limitationv < ¢ and the non-additivity of the velocity parameterequiredu to
be given a primary physical meaning - as well as a name of its, dar which the term
‘rapidity’ was chosen [12] . Agreement was finally reachedlt th single notion in Galilean
chronogeometry split into two different albeit related sme Minkowskian chronogeometry.
The situation, it was understood, is quite similar to thabidinary geometry where slope,
when small, is characterized by a single parameter, whikehas to distinguish angle and
tangent for larger values. Finally, rapidity was given adimphysical meaning by Blondeville
who discussed the operational definitions of speed; hesstiethat an observer, if isolated
within his own reference frame without any external clueyreat measure the distance he
covers (so that the Galilean definition is useless to himwéil@r, he can measure his (proper)
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acceleration as a function of his (proper) time, and intiegita which results, as a simple
calculation shows, in the increment of his rapidity:

B
/A dtoryo(to) = up — ua (21)

The most naturahtrinsic measurement of speed changes thus yields directly thdioar
rapidity [13]. Once the status of rapidity asana fidephysical magnitude was established,
it was used by Blondeville and Prostov for a much simplendgion of the Lorentz group as
the only possible chronogeometrical group (along withingglar Galilean limit) by relying
on the elementary but deep lemma that any one-parametengouns group can be additively
parametrized [14].

6. Another Route to Spacetime?

No account of the birth of modern chronogeometry would bemete without mentioning a
recent historical discovery, which shows that another patiid have been taken. Recently,
in the archives of the famous journahnalen der Physikhe manuscript was uncovered of a
paper submitted in 1905 by a young physicist named Albreat#i&ein. In this paper, which
was rejected for reasons we will shortly discuss, Zweisstirdied the electrodynamics of
moving bodies. While sticking to the customary (at the tirakctromagnetic worldview
of Lorentz and Poincaré, he consistently pursued an eangment by Cohn (1901,1902),
who, following a Machian train of thought stressing ‘sci@ateconomy’, had shown the
superfluousness of the ether. Zweistein then completelyadigy with the ether and its
privileged frame [15]. Instead, he proposed an interpi@tadf the Lorentz invariance of
Maxwell equations based on two principles:

1) the classical equivalence of reference frames in uniforation (which he called the
“Principle of relativity”, borrowing the terminology frorRoincaré),

2) the apparently weird idea that the velocity of light was game in all these reference
frame - his ‘second postulate’.

Zweistein then proceeded to analyse time and space measuenthrough detailed

gedankenexperiments using the exchange of light signagriochronize distant clocks. He
was able to show that the time and space coordinates defingathyoperational procedures,
when compared in two equivalent reference frames, weresdinky the standard Lorentz
transformations.

Although this was quite a clever paper, it raised strong algas and was refused for
publication; it must be said that the author held no acadg@wsdtion, which certainly did not
help. Afirst referee sternly condemned the dismissal of theras “unphysical”, in line with
Poincaré’s position. A second one pointed to ddehocand fragile nature of the operational
point of view taken by Zweistein: what, he asked, if non-gl@magnetic signals, of a hitherto
unknown nature, were discovered and used? Would we not baaeé the possibility of a
different description of space-time for these new phen@aneegating the idea of a universal
spatio-temporal arena? And what if Maxwell's equationsenaily approximate? [In modern
terms, think of the situation if the photon finally had a nawzmass, however small; light
would not travel with the invariant velocity, and any detiga of chronogeometry based on
the exchange of light signals would become invalid.] Thegpayas resubmitted by the author
a few years later, claiming priority after the developmehtlronogeometry as sketched
above. It was then rebutted by Sommerfeld on more epistegiwalbgrounds. Here is what
he wrote: “[The theory of space-time] is anvariantentheorieof the Lorentz group. The
name ‘relativity theory’ is an unfortunate choice: the tiity of space and time is not the
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essential thing, which is the independence of the laws afredtom the point of view of the
observer” [16].

One may only wonder what the dominant interpretation anchiteslogy of our theory
of space-time would have been if Zweistein’s paper had beetighed as early as 1905.

7. Conclusions

| will now abandon fiction and propose some conclusions.

But first, in order to ward off any accusation of blasphemyeselmajesty, let me stress
that Einstein himself was quite aware that his path towardatwe now know as ‘special
relativity theory’ was not the only possible one, and th&eos could have originated the new
space-time physics. Here is, for instance, what he wrotésimhituary to Langevin (1947):
“It appears to me as a foregone conclusion that he would hewelaped the special relativity
theory, had not that been done elsewhere” [17].

| leave it to specialists in science history to assess theedegf plausibility of the
alternate account narrated here. But what is the purposkifittitious reconstruction?
In fact, | see three areas of relevance for such considesatio

a) educational The presentation of scientific notions as they unfoldetbhisally is not the
only one, nor even the best one. Alternative arguments awel gerivations should be
pursued and developed, not necessarily to replace, buigsttttesupplement the standard
ones.

b) epistemological As | have tried to show, if Einstein had not existed, we stiduld
have ‘his’ theory - or would it really be the same? Apart frorfew details perhaps,
the formalism, that is, the notations and equations, woelgdyy similar to ours today.
But the language and, underneath, the words and the ideaswld use could be rather
different. Many familiar terms, beginning with ‘relatiyititself, might be absent from
our vocabulary. My point here is to stress the polysemy oérsm, even for such a
highly formalized science as physics. We need to actuatisevariety of potential
meanings behind our symbols - would it be only to keep openmegtiptable future paths
of development.

c) cultural. Science is too often perceived by lay people as a mechamist inhuman
endeavour. We should try to offer a less absolute and lessrdigtistic view of its
development, so that science clearly appears for what thé, is, a human venture,
the solidity of which is no doubt based on its collective stune, where the role of the
individuals nevertheless cannot be neglected. Think fetaimce of the whole mythology
of the twentieth century without the figure of Einstein (itaa purpose that in the
above fiction the emergence of chronogeometry has beenaéd to a largely collective
effort).

In more general terms, my aim here was to advocate a view ofiidiery of science
which gives due credit to the notion of contingency. Thigis teason of my dedicating
this paper to the memory of Stephen J. Gould who passed a fakswago. In his
work, and especially in his bodkull House he stressed the importance of the notion
of contingency for the history of life [18] . If you ‘rewind éhfilm’, as he was fond of
saying, and let it unfold again starting a billion years ath@re is no reason the story
would follow the same course. Chance events, it is now aedepiave played a crucial
role in the history of life, events such as the crashing of teorée in Yucatan 65 million
years ago, which tolled the knell of dinosaurs and paved thg for mammals. Of
course, as Gould repeatedly emphasised, this view is nottalkan irrationalistic one:
the general features of history, would it be natural, somiadcientific, must and can be



What if Einstein had not been there? A Gedankenexperimedtience History 9

explained. But historical phenomena are so complex as tooeneely sensitive to a
host of apparently secondary conditions. Of course, thosilshnot come as a surprise
to us physicists who today are familiar with deterministi@as, sensitivity to initial
conditions, etc.

Might it not be claimed, then, that Einstein was a Loren(Q#dxfly?

It is a pleasure to thank Francoise Balibar and Bruno Latoutheir comments on a
preliminary version of this paper and George Morgan for hasthelpful linguistic advice,
as well as Stephane Métens for typesetting the text.
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