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When Hermann Minkowski’s first paper on relativity theory [8] appeared in
April 1908, it was met with an immediate, largely critical response. His paper
purported to extend the reach of the principle of relativity to the electrodynamics of moving media, but one of the founders of relativity theory, the young
Albert Einstein, along with his co-author Jakob Laub, found Minkowski’s theory
to be wanting on physical and formal grounds alike. The lesson in physics delivered by his two former students did not merit a rejoinder, but their summary
dismissal of his sophisticated four-dimensional formalism for physics appears to
have given Minkowski pause.
The necessity of such a formalism for physics was stressed by Minkowski
in a lecture entitled “Raum und Zeit,” delivered at the annual meeting of the
German Association for Natural Scientists and Physicians in Cologne, on 21
September 1908. Minkowski argued famously in Cologne that certain circumstances required scientists to discard the view of physical space as a Euclidean
three-space, in favor of a four-dimensional world with a geometry characterized by the invariance of a certain quadratic form. Delivered in grand style,
Minkowski’s lecture appears to have struck a chord, generating a reaction that
was phenomenal in terms of sheer publication numbers and disciplinary breadth.
Historians have naturally sought to explain this burst of interest in relativity theory. According to one current of thought, Minkowski added nothing of
substance to Einstein’s theory of relativity, but expressed relativist ideas more
forcefully and memorably than Einstein [4, 3]. It has also been suggested that
Minkowski supplied a mathematical imprimatur to relativity theory, thereby
reassuring those who had doubted its internal coherence [5]. A third explanation claims that Minkowski’s explicit appeal to “pre-established harmony”
between pure mathematics and physics resonated with Wilhelmine scientists
and philosophers, just when such Leibnizian ideas were undergoing a revival in
philosophical circles [9].
The lack of historical consensus on the reasons for the sharp post-1908 upswing in the fortunes of special relativity reflects, to a certain extent, the varied,
conflicting accounts provided by the historical actors themselves [12]. A focus
on the disciplinary reception of Minkowski’s theory, however, shows a common
concern over the adequacy of Euclidean geometry for the foundations of physics.
Much of the excitement generated by Minkowski’s Cologne lecture among scientists and philosophers arose from an idea that was scandalous when announced
on September 21, 1908, but which was soon assimilated, first by theorists and
then by the scientific community at large: Euclidean geometry was no longer
adequate to the task of describing physical reality, and had to be replaced by
the geometry of a four-dimensional space Minkowski named the “world” (Welt ).
The scandalous nature of spacetime is brought into focus first by examining
the situation of physical geometry at the time of Minkowski’s first lecture on
relativity in 1907, and then by following the evolution of his definition of the
“world” in his writings on relativity. For the sake of concision, these preliminary observations are omitted here, in favor of a few examples of the reaction
sustained by Minkowski’s radical worldview on the part of a few of his most
capable readers in physics. (For an expanded version of this narrative see [16].)
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The published version of “Raum und Zeit” sparked an explosion of publications in relativity theory, with the number of papers on relativity tripling
between 1908 (32 papers) and 1910 (95 papers) [14]. This sudden upswing in
the interest is clearly a complex historical phenomenon requiring careful study,
for the theory of relativity carried different meaning for different observers [2].
While Minkowski’s spacetime theory is conceptually and formally distinct from
Einstein’s special relativity theory and the Lorentz-Poincaré relativity theory,
the history of its reception is similarly polysemous. For example, a disciplinary
analysis of the reception of Minkowski’s Cologne lecture reveals a overwhelmingly positive response on the part of mathematicians, and a decidedly mixed
reaction on the part of physicists [14]. A close examination of the physicists’
response to Minkowski’s lecture shows that what they objected to above all in
Minkowski’s view was the idea that Euclidean space was no longer adequate for
understanding physical phenomena. The range of response among physicists to
Minkowski’s attack on Euclidean space, we will see here, went fairly smoothly
from cognitive shock and outright denial, on one end, to unreserved enthusiasm
and collaborative extension on the other end.
Among the physicists shocked by Minkowski’s spacetime theory was Danzig’s
Max Wien, an experimental physicist. In a letter to the Munich theoretical physicist Arnold Sommerfeld, Max Wien described his experience reading
Minkowski’s Cologne lecture as provoking “a slight brain-shiver, now space and
time appear conglomerated together in a gray, miserable chaos” [1, p. 71]. His
cousin Willy Wien, director of the Würzburg Physical Institute and co-editor of
Annalen der Physik, was shocked, too, but it wasn’t the loss of Euclidean space
that bothered him so much as Minkowski’s claim that circumstances forced
spacetime geometry on physicists. The entire Minkowskian system, Wien said
in a 1909 lecture, “evokes the conviction that the facts would have to join it as
a fully internal consequence.” Wien would have none of this, as he felt that the
touchstone of physics was experiment, not abstract mathematical deduction.
“For the physicist,” Wien concluded his lecture, “Nature alone must make the
final decision” [15].
On the opposite end of the spectrum of response to Minkowski’s attack on
Euclidean space, Max Born and Arnold Sommerfeld saw in Minkowski spacetime the future of theoretical physics. Both men had close ties to Minkowski,
and upon the latter’s untimely death on 12 January 1909, each took up the
cause of promoting a spacetime approach to physics. In a crucial contribution
to Minkowski’s program, Sommerfeld transformed Minkowski’s unorthodox matrix calculus into a four-dimensional vector algebra and analysis [10, 11], based
on the notational conventions he had introduced in 1904 as editor of the physics
volumes of Felix Klein’s monumental Encyclopedia of Mathematical Sciences Including Applications. Sommerfeld’s streamlined spacetime formalism was taken
over and extended by Max Laue, then working in Sommerfeld’s institute in
Munich, for use in the first German textbook on relativity theory [6]. Laue’s
textbook was hugely successful, and effectively established the Sommerfeld-Laue
formalism as the standard for research in relativity physics.
Sommerfeld insisted upon the simplification afforded to calculation by the
adoption of a spacetime approach, and left aside Minkowski’s philosophical interpretation of spacetime, with one exception. In the introduction to his 1910
reformulation of Minkowski’s matrix calculus, Sommerfeld echoed Minkowski’s
belief that absolute space should vanish from physics, to be replaced by the
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“absolute world” of Minkowski spacetime [10, p. 749]. This exchange of absolutes, Euclidean 3-space for Minkowski spacetime, was clearly designed to calm
physicists shocked by Minkowski’s high-handed dismissal of Euclidean space as
the frame adequate for understanding physical phenomena.
Between the extremes represented by the responses of Max Wien and Arnold
Sommerfeld emerged the mainstream response to Minkowski’s interpretation.
The latter is well represented by remarks expressed by Max Laue in his influential relativity textbook, mentioned above. Laue considered Minkowski spacetime as an “almost indispensable resource” for precise mathematical operations
in relativity [6, p. 46]. He expressed reservations, however, about Minkowski’s
philosophy, in that the geometrical interpretation (or “analogy”) of the Lorentz
transformation called upon a space of four dimensions. One could avail oneself
of the new four-dimensional formalism, Laue assured his readers, even if one
was not blessed with Minkowski’s spacetime-intuition, and without committing
oneself to the existence of Minkowski’s four-dimensional world.
By disengaging Minkowski’s spacetime ontology from the Sommerfeld-Laue
spacetime calculus, Laue cleared the way for the acceptance by physicists of his
tensor calculus, and of spacetime geometry in general. A detailed study of the
reception of Minkowski’s ideas on relativity has yet to be realized, but anecdotal
evidence points to a change in attitudes toward Minkowski’s spacetime view in
the 1950s. For example, in the sixth edition of Laue’s textbook, celebrating the
fiftieth anniversary of relativity theory, and marking the end of Einstein’s life, its
author still felt the need to warn physicists away from Minkowski’s scandalous
claim in Cologne that space and time form a unity. As if in defiance of Laue,
this particular view of Minkowski’s (“Von Stund’ an . . . ”) was soon cited (in
the original German) on the title page of a rival textbook on special relativity
[13]. In Laue’s opinion, however, Minkowski’s most famous phrase remained an
“exaggeration” [7, p. 60].
Minkowski’s carefully-crafted Cologne lecture shocked scientists’ sensibilities, in sharp contrast to all previous writings on relativity, including his own.
The author of “Raum and Zeit” famously characterized his intuitions (Anschauungen) of space and time as grounded in experimental physics, and radical in
nature. Predictably, his lecture created a scandal for physicists in its day, but
unlike most scandals, it did not fade away with the next provocation. Instead,
Minkowski focused attention on how mathematics structures our understanding
of the physical universe, in a way no other writer had done since Riemann, or
has managed to do since, paving the way for acceptance of even more visuallyunintuitive theories to come in the early twentieth century, including general
relativity and quantum mechanics. Minkowski’s provocation of physicists in
Cologne, his rejection of existing referents of time, space, and geometry, and
his appeal to subjective intuition to describe external reality may certainly be
detached from Minkowski geometry, as Laue and others wished, but not if we
want to understand the explosion of interest in relativity theory in 1909.
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