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On the Early Reception of Einstein’s General Theory of Relativity 
Introductory Remarks on the Studies 
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David E. Rowe 
 

The Einstein centennial celebrations in 1979 gave scholars from several different 
disciplines the opportunity to reflect on the man, his achievements, and his influence on 
twentieth-century thought.1 Few who took part in the events of that year, however, were likely 
to have imagined that during the decades following Einstein studies would surge forward at 
an unprecedented pace. Since 1979 a wealth of new source material has been brought to light, 
most notably in the first eight volumes of the Collected Papers of Albert Einstein  (CPAE). 
Alongside these volumes several historical studies on the general theory of relativity have also 
appeared, and GRT has been the subject of numerous books, journal articles, and papers 
published in the volumes of Einstein Studies. The Max-Planck-Institut für 
Wissenschaftsgeschichte has played a major role in promoting historical research on Einstein 
and relativity theory. Many leading experts have participated in on-going projects sponsored 
by the MPI, a major focus of which has been Einstein’s long, excruciating journey leading up 
to his presentation of a generally covariant theory of gravitation in 1916.2 In the context of 
this principal endeavor, the MPI-Preprint Series has presented several important studies 
related to general relativity.3 

Einstein’s own contributions to general relativity from the period 1918 to 1921 are 
now easily accessible through the recently published seventh volume of the CPAE. This opens 
with his second, definitive paper on gravitational waves, and ends with the published version 
of his Princeton lectures from May 1921. In contrast with Volume 6, which contains 
Einstein’s foundational papers on general relativity from 1914 to 1917, the writings in 
Volume 7 reveal that by 1918 he was no longer working in virtual isolation, a circumstance he 
had often complained about up until the very end of 1915. In the course of just two years this 
situation had changed dramatically. Indeed, by 1918 most of Einstein’s contributions to 
general relativity were written, at least in part, as responses to the work of others, including 
David Hilbert, H. A. Lorentz, Hermann Weyl, Erwin Schrödinger, Erich Kretschmann, Tullio 
Levi-Civita, and Felix Klein. Both the writings in volume 7 as well as Einstein’s 
correspondence from this period reflect a major shift in the early reception of general 
relativity. Thus, well before its public triumph in November 1919 as a result of the British 

                                                 
1 The most ambitious of these was the Jerusalem Einstein Centennial Symposium, which led to the collection of 
essays Albert Einstein, Historical and Cultural Perspectives, ed. Gerald Holton and Yehuda Elkana, Princeton: 
Princeton University Press, 1982. 
2 The results will appear in Jürgen Renn, Tilman Sauer, Michel Janssen, John Norton, John Stachel, The Genesis 
of General Relativity: Documents and Interpretation. Vol. 1. General Relativity in the Making: Einstein’s Zurich 
Notebook. Dordrecht: Kluwer. Earlier studies by those in the Berlin group include John Norton, ‘‘How Einstein 
Found his Field Equations, 1912–1915,’’ Historical Studies in the Physical Sciences 14 (1984): 253–316; 
reprinted in Don Howard and John Stachel, eds. Einstein and the History of General Relativity, Einstein Studies, 
Vol. 1 (Boston: Birkhäuser, 1989), pp. 101–159; John Stachel, ‘‘Einstein's Search for General Covariance, 
1912–1915,’’ in ES, Vol. 1, pp. 62–100; Michel Janssen, ‘‘Rotation as the Nemesis of Einstein's Entwurf 
Theory,’’ in Hubert Goenner, et al., eds., The Expanding Worlds of General Relativity, ES, Vol. 7 (Boston: 
Birkhäuser, 1999), pp. 127–157.  
3 Among these MPI-preprints, five are particularly relevant for the three studies by Kohl, Rosenberger, and 
Röhle: Jürgen Renn, The Third Way to General Relativity, no. 9; Leo Corry, Hilbert and Physics (1900-1915), 
no. 43; Jürgen Renn and Tilman Sauer, Heuristics and Mathematical Representation in Einstein’s Search for a 
Gravitational Field Equation, no. 62; Jürgen Renn and John Stachel, Hilbert’s Foundation of Physics: From a 
Theory of Everything to a Constituent of General Relativity, no. 118; Catherine Goldstein and Jim Ritter, The 
Varieties of Unity: Sounding Unified Theories, 1920-1930, no. 149. 
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eclipse expeditions, GRT had begun to attract the attention of leading theoretical physicists, 
astronomers, and mathematicians.  

The trio of studies by Gunter Kohl, Lars Rosenberger, and Stefan Röhle on the early 
reception and development of general relativity was undertaken as part of a research project at 
Mainz University. These investigations offer several new perspectives on this complex 
process by exploring Einstein’s interactions with three key contributors and critics, namely 
Gustav Mie, Hans Thirring, and Willem de Sitter. Although all three were deeply influenced 
by Einstein’s new approach to gravitation, their diverse, sometimes ambivalent responses to 
his foundational assumptions reveal some of the many shades of divergent interpretation 
found even among proponents of a generalized theory of relativity. Drawing on the wealth of 
new sources now available, the authors show how these three friendly interlocutors struggled 
with major problems at the interface between the physical, mathematical, and epistemological 
components of Einstein’s theory. Some of these critical difficulties were inherent in Einstein’s 
earliest attempts to frame a generally covariant theory of gravitation; others emerged only 
later, as general relativity continued to be developed, revised, and applied to astronomy and 
cosmology. Through their interactions with Einstein, Mie, Thirring, and de Sitter helped 
elucidate some of GRT’s central conceptual and technical problems, and it is this common 
thread in the studies by Kohl, Rosenberger, and Röhle that I would like to emphasize here. 

 
     -1- 
 
Einstein’s fascination with problems of relative motion and their proper interpretation 

in physics can be traced back to his early interest in the foundations of Lorentzian 
electrodynamics. One need only recall, for example, the opening discussion in “Zur 
Elektrodynamik bewegter Körper,” where he refers to the electromotive force produced in a 
coil that moves relative to a bar magnet. In 1905 this phenomenon had two separate 
interpretations, depending on whether the coil or the magnet was regarded as stationary. 
Einstein regarded this as an obvious epistemological weakness in the conventional approach 
to Lorentz’s theory.4 To circumvent similar anomalies connected with an ether-based 
electromagnetic theory, he proposed the idea of extending the mechanical principle of 
relativity for inertial frames to all of physics, in particular electrodynamics. This meant 
replacing the classical Galilean transformations, which retained their significance for 
velocities much smaller than the speed of light, by the group of Lorentz transformations in 
which the time variable is no longer independent of the three spatial variables. With one bold 
stroke, Einstein dispensed with the notion of an ether at rest in absolute space. According to 
his special theory of relativity, all inertial frames are physically indistinguishable, making 
absolute motion impossible to detect. 

Yet soon after 1905, while pondering the implications of relativity for gravitational 
phenomena, Einstein reached the startling conclusion that even this radically extended 
principle of relativity was too restrictive. This realization came in 1907 with the equivalence 
principle, which he later called the happiest idea of his life. Born of an innocent-looking 
thought experiment involving free fall in empty space, this principle henceforth served as the 
cornerstone for all of Einstein’s speculations on gravitation, providing the bridge that enabled 
him to pass from the kinematics of uniformly accelerated frames of motion to their associated 
homogeneous, static gravitational fields. For Einstein, the equivalence principle carried an 
even wider implication, namely that gravitational and inertial effects must be treated as 
indissolubly united. He next focused on rotational motion as the key remaining problem that 
had to be resolved in order to unite gravitational and inertial forces while generalizing the 

                                                 
4 In Electrodynamics from Ampère to Einstein (Oxford University Press, 2000), Olivier Darrigol has shown that 
while several physicists were grappling with many of the same issues in electrodynamics, Einstein’s work was 
primarily guided by a deep interest in the epistemological foundations of Lorentz’s theory. 
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principle of relativity. Considerations involving a rotating disc also made Einstein gradually 
aware of the limitations of rigid body mechanics, as adapted to special relativity by Max Born 
and Gustav Herglotz. Following Paul Ehrenfest’s lead, he realized that the contraction of 
measuring rods placed along the circumference of such a rigid disk led to a non-Euclidean 
geometry in the disk’s frame of reference.5 This meant that any rotating frame in gravity-free 
Minkowski space produced effects on the space-time structure as reflected in its fundamental 
quadratic differential form, which Einstein later called the metric tensor. The problem of 
accommodating rotational motion thus led Einstein to a key insight that opened the way to his 
first generalized theory of relativity, the so-called Entwurf theory that he and Marcel 
Grossmann sketched in 1913. 

Einstein’s collaboration with Grossmann was the first of his many joint ventures with 
mathematicians. Indeed, after 1913 he seldom worked on general relativity and/or unified 
field theories without mathematical assistance. In the case of the Entwurf theory, Einstein and 
Grossmann adopted a clear-cut division of labor, with Einstein presenting the physical 
arguments and Grossmann the mathematical apparatus in their two-part article. In their study 
of Einstein’s Zurich Notebook, Jürgen Renn and Tilman Sauer have emphasized how Einstein 
designed his original theory of gravitation with a number of built-in features which Renn and 
Sauer analyze in terms of key heuristic principles that propelled his quest forward.6 Einstein’s 
approach thus differed strikingly from the one later taken by the Göttingen mathematician 
David Hilbert, who tried to place GRT in a larger field-theoretic setting right from the 
beginning, while claiming that from an axiomatic standpoint many of its features were pre-
determined.7 Einstein’s inspiration for general relativity, which he conceived as a 
Prinziptheorie, was by contrast a novel admixture of physical and formal heuristics.8 Initially, 
his physical Ansätze--the equivalence principle, energy-momentum conservation, and 
relativity of inertia—were closely tied to the formal requirement of general covariance, which 
he interpreted as the precise generalization of the principle of relativity. Yet, as the studies by 
Kohl, Rosenberger, and Röhle illustrate, Einstein clung tenaciously to his physical precepts 
while at the same time showing only occasional concern with regard to the oft-changing and 
problematic status of general covariance within his theory.  

If the problem of rotation acted as a catalyst for Einstein’s insight that non-inertial 
motion was linked with the geometry of space-time, he soon leapt to the conclusion that all 
force-free motion should be regarded as relative to a space-time structure conditioned by the 
presence of matter. Inertial motion, as postulated within Newton’s mechanics and generalized 
by Einstein’s principle of special relativity to all of physics, clearly pertained only to those 
cases where gravitation was either absent or could be neglected. The presence of matter, on 
the other hand, should lead to a local deformation of the space-time curvature, making almost 
any kind of motion possible, at least in principle. Since gravitation induces accelerative 
motion, Einstein thought of accelerating bodies as test particles that register the effects of a 

                                                 
5 See John Stachel, “Einstein and the Rigidly Rotating Disk,” in General Relativity and Gravitation: One 
Hundred Years after the Birth of Albert Einstein, vol. 1, pp. 1–15. Alan Held, ed. New York: Plenum, 1980. 
Reprinted in Don Howard and John Stachel, eds., Einstein and the History of General Relativity. Boston: 
Birkhäuser, 1989, pp. 48–62. 
6 Jürgen Renn and Tilman Sauer, “Heuristics and Mathematical Representation in Einstein’s Search for a 
Gravitational Field Equation,” in Hubert Goenner, et al, eds. The Expanding Worlds of General Relativity. 
Boston: Birkhäuser, 1999; see also Jürgen Renn and Tilman Sauer, „Einsteins Züricher Notizbuch. Die 
Entdeckung der Feldgleichungen der Gravitation im Jahre 1912.“ Physikalische Blätter 52 (1996): 865–872. 
7 As Renn and Stachel have shown, however, Hilbert’s original strategic objectives were largely abandoned in 
1916 as he became familiar with the underpinnings of Einstein’s revised theory (see Renn and Stachel, Hilbert’s 
Foundation of Physics: From a Theory of Everything to a Constituent of General Relativity, MPI preprint no. 
118). See also, David E. Rowe, “Einstein meets Hilbert: At the Crossroads of Physics and Mathematics,” Physics 
in Perspective 3(2001): 379-424. 
8 Einstein described what he meant by a Prinziptheorie in “Was ist die Relativitätstheorie?” Doc. 24, CPAE, vol. 
7. 
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gravitational field. If the gravito-inertial properties of matter are indeed conditioned 
dynamically, as he believed, then all force-free motion could be regarded as in some sense 
relative. It would then be natural to assume that a mass point would move along a geodesic in 
a four-dimensional space-time manifold. Still, generalizing the principle of relativity so as to 
allow for all the myriad types of motion possible clearly posed a problem of staggering 
proportions. 

To what extent such a geometrized physical model entered Einstein’s mind in 1912-
1913 remains unclear, but he presumably posed considerations such as these to his friend 
Marcel Grossmann. The latter’s main claim to fame, of course, stems from having recognized 
that Ricci’s absolute differential calculus was ideally suited to the task at hand. Grossmann 
recognized that the mathematical operations of the Ricci calculus generalized those of vector 
analysis while preserving the character of generally covariant expressions, dubbed tensors by 
Einstein and Grossmann. These entities transform properly under arbitrary coordinate 
transformations, and hence retain their underlying form in any coordinate system. For 
Einstein and Grossmann, this suggested the possibility of pursuing a new field-theoretic 
approach to gravitation and inertia by generalizing the formalism that Hermann Minkowski, 
Arnold Sommerfeld, and Max Laue had developed for special relativity.  

Although the framework of SRT retained its validity for electromagnetism, Einstein 
believed it could not be applied directly to account for gravitational phenomena. Special 
relativity left the a priori Euclidean character of space intact, and this Einstein found deeply 
dissatisfying epistemologically. Thus, when Gunnar Nordström succeeded in setting forth a 
Lorentz-covariant scalar theory of gravitation that was both simpler and more natural than the 
Entwurf theory, Einstein privately dismissed it, noting that it was ‘‘built on the aprioristic 
Euclidean four-dimensional space, the belief in which, I feel, is akin to superstition.’’9  He 
was convinced that Nordström’s theory skirted all the deeper problems concerning space, 
time, and matter.10 To tackle these, Einstein proposed to generalize relativity theory in such a 
way that Newtonian gravitation and special relativity could be derived as limiting cases. At 
the same time, gravitational forces were to have precisely the same status as the so-called 
“fictional” forces that arise in non-inertial frames: both were to be seen against the local 
space-time structure as registered by the fundamental metric tensor. Having banished the 
absolute ether from Lorentz’s theory, Einstein now prepared the way for a new kind of ether 
physics based on the gravito-inertial field.11  

 
     -2- 
 
It should be emphasized that prior to 1919, relatively few physicists were prepared to 

make this bold conceptual leap with Einstein, and even some who recognized the merits of 
this wedding of gravity and inertia argued against the broad framework Einstein proposed for 
his theory. One such figure was Gustav Mie. As Gunter Kohl’s study shows, Mie voiced such 
misgivings early on and often. In the discussions that followed Einstein’s lecture on recent 
gravitational theories at the Vienna meeting of German Natural Scientists and Physicians held 
on 23 September 1913, Mie presented a classic objection to the general principle of relativity: 

 Man denke sich, man fahre in einem Eisenbahnwagen, der gegen die 
Außenwelt abgeschlossen ist. Man wird in den Wagen gerüttelt und 

                                                 
9 Albert Einstein to Erwin Freundlich, 20 January 1914, in Martin J. Klein, et al., eds., CPAE, Vol. 5: The Swiss 
Years: Correspondence, 1902-1914 (Princeton: Princeton University Press, 1993), p. 594. 
10 In fact, Einstein’s criticisms led Nordström to modify his theory. See John Norton, “Einstein, Nordström, and 
the Early Demise of Lorentz Covariant Scalar Gravitation Theories,” Archive for History of Exact Sciences 45 
(1992–93): 17–94. 
11 After dropping hints of this notion of an ether, Einstein spelled out his speculations in his Leiden Inaugural 
lecture, “Aether und Relativitätstheorie,” delivered in October 1920. Lorentz had urged him to address this 
theme on that occasion (see Doc. 38, vol. 7, CPAE and the accompanying notes). 
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geschüttelt, und diese Kraftwirkungen, die man an seinem eigenen Körper 
spürt, pflegt man zu erklären als Trägheitswirkungen, infolge der 
unregelmäßigen Schwankungen des Wagens. Das allgemeine 
Relativitätsprinzip in der jetzt zu besprechenden Auffassung würde nun 
behaupten, dass es möglich sei, ein System gravitierender Massen 
anzunehmen, das unregelmäßigen Bewegungen um den als ruhend bedachten 
Eisenbahnwagen herum ausführt und das so auf unsern Körper dieselben 
Wirkungen hervorruft, die wir für Trägheitswirkungen halten. Eine derartige 
Fiktion kann mathematisch gelegentlich ganz praktisch sein, wie man z. B. zur 
Berechnung von Ebbe und Flut fingierte Planeten annimmt, um die sehr 
schwierig zu berechnenden Trägheitswirkungen dadurch zu ersetzen, aber 
keinem Physiker wird es einfallen, diese fingierten Planeten für wirklichen 
existierende Körper zu halten. Ebenso wenig wird man die 
Trägheitswirkungen in dem Eisenbahnwagen physikalisch als Wirkungen 
gravitierender Massen deuten können, das würde zu Widersprüchen mit den 
Prinzipien der physikalischen Forschung überhaupt führen. Ich glaube also, 
dass die hier besprochene Auffassung des verallgemeinerten 
Relativitätsprinzips keinen physikalisch Sinn hat.12 

As Kohl points out, Einstein was apparently unable to refute this criticism convincingly. In a 
footnote added to the protocol of the discussions, Einstein merely remarked that his theory 
did not fulfill the principle of relativity in this most general sense. On the contrary, he 
asserted that the conservation laws lead to a far-reaching specialization of the allowable 
reference systems, as he had indicated already in his lecture.13 Such remarks reveal how 
vulnerable the Entwurf theory was to Mie’s attack on the principle of general covariance.  
       Among the various criticisms Mie later leveled at the Einstein-Grossmann theory, the 
most serious involved its limited covariance about which Mie wrote: “Die 
Verallgemeinerung des Relativitätsprinzips, die in der Einsteinschen Arbeit erreicht worden 
ist, bezieht sich auf lineare Transformationen, hat also mit beschleunigten Bewegungen gar 
nichts zu tun.”14 Although this claim was clearly exaggerated, Mie nevertheless put his finger 
on a key problem: Einstein’s attempt to generalize relativity by extending the equivalence 
principle to arbitrary motions seemed to raise insuperable difficulties. Indeed, many 
subsequent observers emphasized the striking differences between the case of uniform 
acceleration, as treated by the equivalence principle, and more complicated motions, 
beginning with the case of uniform rotation. Mie’s thought experiment with the bumpy train-
car ride thus cut to the heart of what would long remain a major point of contention within 
the German physics community. Indeed, the passage quoted above bears a striking 
resemblance to the train-crash query Philipp Lenard later addressed to Einstein in their 
infamous debate at the 1920 Bad Nauheim Naturforscher meeting.15 Gustav Mie also spoke 
on that occasion, and Lenard later wrote that he found Mie’s remarks the only novel 
contributions to the general discussion.16 As an outspoken anti-relativist, Lenard 
subsequently waged a losing battle against the “Einstein clique” that took on ugly political 
overtones. Yet even Hermann Weyl, a strong pro-relativist who wrote an extensive 
commentary on the Bad Nauheim debates, was forced to conclude that Einstein’s response to 

                                                 
12 Doc. 18, CPAE, vol. 4, p. 507. 
13Ibid.; see Kohl, section 4.2.2 
14 Gustav Mie, “Bemerkungen zu der Einsteinschen Gravitationstheorie. II,“ Physikalische Zeitschrift 15(1914): 
169-176, p. 176. 
15 See Doc. 46, CPAE, vol. 7 and the editorial note “Einstein’s Encounters with German Anti-Relativists” 
preceding Doc. 14. 
16 Philipp Lenard, Über Relativitätsprinzip, Äther, Gravitation,. Leipzig: Hirzel, 1921, p. 39. 
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Lenard’s main point was inadequate.17 In chapter 4 of his study, Gunter Kohl traces a whole 
series of ongoing debates between Einstein and Mie over related issues. 

On the positive side, Mie’s criticisms brought the issue of preferred coordinate 
systems into the open. Following his encounter with Einstein in Vienna, Mie noted that a 
mathematical proof of the impossibility of finding generally covariant solutions of the 
gravitational field equations would be of interest. This may have given Einstein further 
inducement to publish his argument in support of this claim, which he had announced in a 
footnote appended to his Vienna lecture.18 What Einstein meant by this was spelled out in his 
reply to Mie, which contained his first  sketch of the ill-famed hole argument. This purported 
to show that the metric tensor gµν  cannot be fully and uniquely determined by the matter 

tensor Tµν  if certain simple coordinate transformations are allowed, namely ones that remain 

fixed except possibly for points where Tµν  vanish, as for example in a “hole” of the physical 

system. In this context, the demand that Tµν  should completely determine gµν  was, for 

Einstein, apparently a formal mathematical requirement that physicists typically placed on 
any system of differential equations. Viewing the tensor Tµν  as given, Einstein insisted that 

this data alone sufficed to determine the space-time structure, which meant that the field 
equations must have a unique solution for gµν . It appears that Einstein only began to doubt 

the soundness of this argument after he had actually produced generally covariant field 
equations in November 1915.19  

Ironically, Einstein later reinterpreted the demand that Tµν  fully determines gµν  in a 

far more physical way, dubbing this notion “Mach’s principle.” This amounted to serving old 
wine in new bottles that could encapsulate the idea that the global properties of matter 
determined local inertial properties.20 But Einstein had another good reason to reformulate the 
foundations of general relativity. His new twist came in 1918 in the wake of Kretschmann’s 
claim that Einstein’s principle of general covariance was physically vacuous.21 Einstein 
responded by (temporarily) forsaking the doctrine that he had hitherto regarded as 
distinguishing general relativity from other physical theories, namely that the fundamental 
equations of GRT remain valid for arbitrary reference frames in any coordinate system 
whatsoever.22 In 1918 he dropped this notion in order to make his Machian assumptions more 
precise. At the same time he conceded Kretschmann’s point that general covariance was a 
purely formal principle, arguing that it was nevertheless of great heuristic value for finding 
gravitational field equations with the desired properties. In a final twirling maneuver, Einstein 
reformulated his principle of general relativity to say that the theory was solely concerned 
with space-time coincidences. No doubt this new principle made little impression on most of 
Einstein’s contemporaries, and yet today we know that it had considerable significance for 
Einstein himself. Indeed, it was precisely this consideration that finally enabled him in late 

                                                 
17 Hermann Weyl, “Die Relativitätstheorie auf der Naturforscherversammlung,” Jahresbericht der Deutschen 
Mathematiker-Vereinigung 31 (1922): 51-63, p. 61. Weyl promoted his notion of a guiding field (Führungsfeld), 
understood as the physical realization of an affine connection, as the key to understanding the relationship 
between gravity and inertia. 
18 Doc. 17, CPAE, vol. 4, p. 495. 
19 See John Norton, ‘‘How Einstein Found his Field Equations, 1912–1915,’’ and John Stachel, ‘‘Einstein's 
Search for General Covariance, 1912–1915’’ (ref. 2). 
20 For a provocative modern approach to a Machian program, see Ignazio Ciufolini and John Archibald Wheeler, 
Gravitation and Inertia, (Princeton: Princeton University Press, 1995). 
21 Erich Kretschmann, “Über den physikalischen Sinn der Relativitätspostulate. A. Einsteins neue und seine 
ursprüngliche Relativitätstheorie,” Annalen der Physik 53 (1917): 575–614. 
22 Albert Einstein, “Prinzipielles zur allgemeinen Relativitätstheorie,” Annalen der Physik 55 (1918): 241–244, 
Doc. 4, CPAE, vol. 7. 
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1915 to recognize the vacuous nature of his “unlucky” Gedankenexperiment concerning a 
hole in physical space-time.23  

 
 
 
     -3- 
 
If Einstein wavered over the principle of general relativity, the same cannot be said 

with regard to the key idea he borrowed from Ernst Mach: the relativity of inertia. Lars 
Rosenberger’s study delves into the long prehistory of efforts to understand the origins of 
inertia before proceeding to analyze Hans Thirring’s work on the problem of rotation in GRT. 
This problem was intimately tied to the larger one of accounting for the inertial properties of 
matter, an issue that surfaced over and again as Einstein revised the foundations of his theory 
from 1912 to 1918. Throughout these years, he continually emphasized the theoretical 
importance of a gravitational theory that could incorporate centrifugal effects, thereby 
vindicating Mach’s ideas about the relativity of inertia. Nevertheless, he left it for Thirring to 
pursue the problem of rotation in the context of his mature, post-Entwurf theory.  

As is well known, Einstein’s reading of Mach provided one of the major Leitideen that 
guided his quest to find a field theory of gravitation. Already back in September 1913, when 
he spoke in Vienna, Einstein gave a clear statement of the Machian inspiration that guided his 
quest to generalize the principle of relativity: 
 

Von Bewegung, also auch Beschleunigung eines Körpers A an sich zu 
reden, hat keinen Sinn. Man kann nur von Bewegung bzw. Beschleunigung 
eines Körpers A relativ zu anderen Körpern B, C usw. sprechen. Was in 
kinematischer Beziehung von der Beschleunigung gilt, das dürfte auch von 
dem Trägheitswiderstande gelten, den die Körper einer Beschleunigung 
entgegensetzen; es ist a priori zu erwarten, wenn auch nicht gerade notwendig, 
dass der Trägheitswiderstand nichts anderes sei als ein Widerstand gegen 
Relativbeschleunigung des betrachteten Körpers A gegenüber der Gesamtheit 
aller übrigen Körper B, C usw. Es ist wohlbekannt, dass E. Mach in seiner 
Geschichte der Mechanik diesen Standpunkt zuerst mit aller Schärfe und 
Klarheit vertreten hat . . ..24 

 
In his famous critique of Newton’s notion of absolute space, Mach appealed to the 

influence of distant masses as the sources responsible for determining local inertial properties. 
Einstein recognized that this was not the only logically tenable standpoint, but he also felt that 
Mach’s position had the merit of accounting for inertial properties otherwise left unexplained. 
In Newtonian mechanics, physicists introduced special coordinate systems with the property 
that force-free motion takes place uniformly along straight lines. As Einstein emphasized in 
Vienna, this amounted to postulating the existence of inertial frames without any reference to 
the physical phenomena that distinguish these from any other frames. Taking up this Machian 
challenge, he henceforth tried to couple gravitational with inertial effects as produced by 
accelerating frames.  

Einstein’s initial, quite natural working hypothesis suggested that a uniformly rotating 
body induced gravitational field effects analogous to the centrifugal and Coriolis forces 
familiar from classical mechanics. If rotational motion were relative in the sense of Einstein’s 
equivalence principle – where a uniformly accelerated inertial frame is indistinguishable from 

                                                 
23  See John Norton, ‘‘How Einstein Found his Field Equations, 1912–1915,’’ and John Stachel, ‘‘Einstein's 
Search for General Covariance, 1912–1915’’ (ref. 2). 
24 Doc. 17, CPAE, vol. 4, p. 498. 
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a homogeneous gravitational field -- then a rotating frame should be physically equivalent to 
the same frame taken at rest while the ambient space rotated about it in the opposite direction. 
Were this so, then the analogy with his original formulation of the equivalence principle 
would have been complete. Yet Einstein must have realized the limitations of such an 
argument early on. In a letter to Ehrenfest from June 1912, he pointed out that the equivalence 
principle could only hold locally, a conclusion he reached after pondering various difficulties 
associated with accelerating reference systems.25 One year later, shortly after the debut 
performance of the Einstein-Grossmann theory, Einstein sent a triumphant letter to Ernst 
Mach: “es ergibt sich mit Notwendigkeit, dass die Trägheit in einer Art Wechselwirkung der 
Körper ihren Ursprung hat, ganz im Sinne ihrer Überlegungen zum Newton’schen 
Eimerversuch.”26 Yet Einstein’s efforts to realize this bold program bore no immediate fruit 
(see Rosenberger’s analysis, pp. 40-48). 

Michel Janssen’s research on Einstein’s struggles with the problem of rotation during 
the period 1913-1915 have thrown new light on this puzzling chapter in the early history of 
general relativity.27 During 1913 Einstein briefly collaborated with his friend Michele Besso 
in a futile attempt to account for the perihelion of Mercury using the Entwurf theory field 
equations. According to Einstein’s own testimony, his faith in this theory was badly shaken 
when he realized in September 1915 that the metric induced by a rotating coordinate system 
was not a solution to the Einstein-Grossmann field equations. Janssen, however, has shown 
that back in 1913 Einstein probably already knew that the Entwurf theory equations were 
incompatible with rotational motions. And although he and Besso were fully aware of the 
centrality of this problem, they apparently failed to draw the obvious conclusion: namely that 
the Einstein-Grossmann theory was useless even in the simple case of rotating frames.  

Interestingly enough, even after he had found generally covariant field equations, 
Einstein chose not to take up the problem of rotation again. Instead, he encouraged young 
Hans Thirring to work through the calculations on a key problem that long guided Einstein’s 
efforts to understand the relationship between gravitation and inertia. Lars Rosenberger’s 
study offers the first detailed analysis of Thirring’s results on what has come to be called 
frame dragging. Drawing on techniques developed by Einstein in 1916 for finding 
approximate solutions of the gravitational field equations, Thirring one year later determined 
the metric for a rotating hollow shell, showing that this spinning mass exerted small effects on 
a test particle in the shell’s interior analogous to the centrifugal and Coriolis forces of 
classical mechanics. 

Rosenberger points out that initially both Einstein and Thirring thought the general 
covariance of the gravitational field equations and equations of motion sufficed for showing 
that the problem of rotation satisfied a strong global form of the principle of general relativity. 
According to this, one could regard the field inside a rotating shell as equivalent to the one 
that would arise were the shell at rest and the universe in rotation with the opposite angular 
velocity about it (see the quotations from Thirring’s letter to Einstein as well as from 
Einstein’s letter to Besso in sections 3.3 and 3.1.2, respectively). This approach to the 
relativity of rotational motion, however, overlooks the asymmetry that arises with regard to 
the boundary conditions at spatial infinity. After recognizing this difficulty, Thirring found a 
way to solve the field equations for a uniformly rotating hollow shell by adopting the 
hypothesis that the metric outside the shell gradually becomes flat. So understood, his work 
marked a quiet step in the process that gradually led to a decoupling of the principle of 

                                                 
25 Doc. 409, CPAE, vol. 5, p. 486. 
26 Doc. 448, CPAE, vol. 5, p. 532. See Rosenberger, p. 39. 
27 Michel Janssen, ‘‘Rotation as the Nemesis of Einstein's Entwurf Theory’’; Michel Janssen, “What did Einstein 
Know and When did he Know it? A Besso Memo Dated August 1913,” in Jürgen Renn, Tilman Sauer, Michel 
Janssen, John Norton, John Stachel, The Genesis of General Relativity: Documents and Interpretation. Vol. 1. 
General relativity in the Making: Einstein’s Zurich Notebook. Dordrecht: Kluwer, to appear.. 
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general relativity from the origins of inertia. In the final chapter of his 1921 Princeton 
lectures, Einstein underscored the importance of Thirring’s results, which confirmed that in 
GRT the inertial properties of matter depend on mutual interactions with surrounding matter, 
even if these were far too small to be measured in practice.28 Still, Hermann Weyl later 
emphasized that Thirring’s results actually predict asymmetrical effects if the frame of the test 
particle rotates rather than that of the hollow sphere. For Weyl, this demonstrated that 
rotational motion is not relative after all!29 Well before this, Gustav Mie adopted a similar 
perspective (see Kohl’s discussion of rotation in section 4.3.4). 
 

     -4- 
 
Whereas Thirring’s work was undertaken to support Einstein’s Machian program, the 

latter encountered early resistance from another leading relativist, Leiden’s Willem de Sitter. 
As Stefan Röhle describes, Leiden quickly emerged as the leading center for research on 
general relativity during the period 1915-1920. A major factor behind this lively activity 
stemmed from Einstein’s personal friendships with H. A. Lorentz and especially Paul 
Ehrenfest, who inspired a large number of young physicists. Within the larger Leiden 
scientific community, de Sitter played an especially prominent part in pursuing the empirical 
predictions of GRT. As an astronomer with a strong empiricist bent, he showed relatively 
little interest in the more abstruse theoretical issues that had been of such decisive importance 
for Einstein from the beginning. In contrast with Hermann Weyl, Arthur Eddington, and 
several other leading relativists who were attracted to Einstein’s more daring physical ideas, 
de Sitter took a decidedly skeptical view of these. As he freely admitted to Einstein: “unsere 
‘Glaubensdifferenz’ kommt darauf an, daß Sie einen bestimmten Glauben haben, und ich 
Skeptiker bin.“30 Thus, for de Sitter, Mach’s principle was a purely speculative idea that could 
never be tested, and for this reason he regarded Einstein’s claim that distant masses accounted 
for the inertial properties of matter as a dogma devoid of any scientific value.  

Although de Sitter was one of the leading astronomers of his time, today he is mainly 
remembered for an important early contribution to relativistic cosmology, the famous Model 
B he produced as an alternative to Einstein’s Model A, the cylindrical universe. This 
terminology stems from de Sitter’s first paper from 1917 in which he referred to these as 
“System A” and “System B” (he called Minkowski space “System C”). As Röhle points out in 
section 3.4, these static models played a central role in the cosmological speculations of the 
1920s. After 1930, when cosmologists like Lemaître and Eddington became convinced of the 
need for dynamical models corresponding to an expanding universe, those of Einstein and de 
Sitter were no longer taken very seriously, although they continued to serve as familiar special 
cases.  

Einstein’s earliest efforts to apply general relativity to cosmological problems were 
strongly rooted in his Machian agenda, which claimed that the global distribution of matter in 
the universe determined the inertial properties of matter in local inertial frames. His first 
attempts to realize this objective, however, led to difficulties with the boundary conditions at 
spatial infinity. Einstein discussed these problems with de Sitter during a visit to Leiden in the 
summer of 1916. The latter’s critical reaction to the notion of distant masses can be seen from 
a letter he wrote to Einstein the following November: “man gewinnt damit eine ‘Erklärung’ 
des Ursprungs der Trägheit, die doch keine Erklärung ist, denn es ist nicht eine Erklärung aus 
bekannten, oder kontrollierbaren Tatsachen, sondern aus ad hoc gefundenen Massen.”31 

                                                 
28 See Doc. 71, CPAE, vol. 7, pp. 563-567. 
29 Hermann Weyl, “Massenträgheit und Kosmos. Ein Dialog,” Die Naturwissenschaften 12 (1924): 197-204, pp. 
199-200. 
30 Doc. 327, CPAE, vol. 8. 
31 Doc. 327, CPAE, vol. 8. 
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Whether or not de Sitter’s skepticism had any influence on Einstein’s subsequent refinement 
of Mach’s principle, the astronomer’s critique of his handling of the metric at spatial infinity 
did lead Einstein to drop his original approach (see Rosenberger’s section 4.1.2 for more on 
this). Soon thereafter, Einstein introduced his cosmological constant in order to obtain a static 
model of a closed, bounded universe, thereby circumventing the problem of boundary 
conditions at infinity altogether. Thus, right from its infancy, de Sitter influenced the course 
of research in relativistic cosmology. 

Stefan Röhle carefully examines the context of the ensuing controversy between 
Einstein and de Sitter with respect to their two famous cosmological models. This theme has 
been addressed many times in the historical literature, including a detailed account by Pierre 
Kerszberg.32 Röhle’s study, however, takes advantage of the new source material available in 
CPAE, volume 8 , including Michel Janssen’s editorial note, which revealed some of the 
larger contours of the Einstein – de Sitter debate for the first time. Janssen’s commentaries in 
volume 8 show how the anomalous properties exhibited by DeSitter’s matterless cosmological 
model sparked a fascinating series of exchanges involving not only the two principals but two 
prominent mathematicians as well: Hermann Weyl and Felix Klein. This four-cornered debate 
had a number of surprising twists and turns, some of which appear in an amusing light for 
those familiar with the subtleties of space-time singularities.33 Röhle discusses the main issues 
involved in section 4.8. There he surveys the landscape of contemporary cosmological 
discourse, adding reflections on the goals, shared assumptions, and diverging opinions of 
some of the leading figures of the era. He emphasizes that de Sitter regarded the three systems 
A, B, and C as true cosmological models in the modern sense, a viewpoint by no means 
commonplace back in 1917-18. Interestingly enough, de Sitter’s skepticism with regard to 
Einstein’s cosmological constant led him to prefer the flat space-time structure of model C 
over his own model B. 

In Chapter 5, Röhle takes up the wider debate with the contributions of Klein and 
Weyl. For Felix Klein, who took an agnostic position on most cosmological questions, the 
key issue was whether de Sitter’s world contained intrinsic singularities, as Einstein claimed. 
From a purely mathematical point of view, Klein argued that the answer to this question was 
that it did not. To make this point, he repackaged de Sitter’s world in a projective setting and 
endowed it with a Caylean metric, a technique he himself made famous in his early work on 
projective non-Euclidean geometry from 1871.34 In this new cosmological context Klein’s 
approach had the advantage that one could easily grasp the group action on the manifold in 
the spirit of his “Erlangen Program.” By so doing, Klein showed that the singularities arising 
in a particular coordinate system have no geometric significance, since one can easily remove 
these by utilizing an appropriate coordinate transformation.  

Presumably Einstein had great difficulty understanding the technical parts of Klein’s 
argument (see Röhle’s section 5.2). Even the mathematicians of Einstein’s generation were 
rarely exposed to projective non-Euclidean geometry, as Klein himself noted when in 1910 he 
delivered a lecture on this approach to Minkowski space.35 But what Einstein clearly did 
understand were the serious implications Klein’s mathematical argument carried for his 
Machian approach to cosmology. For if the metric tensor and with it the G-field were “restlos 

                                                 
32 Pierre Kerszberg, The Invented Universe: The Einstein–De Sitter Controversy (1916–17) and the Rise of 
Relativistic Cosmology. Oxford: Clarendon Press, 1989. 
33 See John Earman and Jean Eisenstaedt, “Einstein and Singularities,” Studies in History and Philosophy of 
Modern Physics 30B (1999): 185-235. 
34 Felix Klein, “Über die Integralform der Erhaltungssätze und die Theorie der räumlich-geschlossenen Welt.” 
Königliche Gesellschaft der Wissenschaften zu Göttingen. Mathematisch-physikalische Klasse. Nachrichten 
(1918): 394–423. Felix Klein, “Über die sogenannte Nicht-Euklidische Geometrie,” Mathematische Annalen 4 
(1871): 573–625. 
35 Felix Klein, “Über die geometrischen Grundlagen der Lorentzgruppe,” Jahresbericht der Deutschen 
Mathematiker-Vereinigung 19 (1910): 281–300, p. 281. 
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durch die Massen der Körper bestimmt,” as Einstein asserted, then de Sitter’s model must 
somehow be untenable, either physically or mathematically. Since Einstein conceded that 
Klein’s approach was mathematically sound, he was faced with a non-trivial, matter-free 
solution to his field equations with cosmological term. Were the resulting space-time 
manifold physically viable, as de Sitter claimed it was, then this model would flagrantly 
contradict Mach’s principle. For in de Sitter space the G-field, which determines the inertial 
properties of matter, exists in a pure vacuum! 

Einstein’s initial response was to suggest that the natural horizon in de Sitter’s model 
constituted a real barrier along or beyond which matter had to be found. In 1917, the physical 
status of this horizon was quite unclear; moreover, differential geometers had not yet 
developed the tools needed to explore the intrinsic geometry of a Lorentzian manifold. 
Einstein’s hunch suggested that de Sitter’s solution to the field equations made sense only 
within a limited portion of the universe. Mathematically, this boiled down to showing that it 
was impossible to find a patchwork of coordinate systems that covered de Sitter space without 
introducing singularities. Since Klein’s global approach to de Sitter’s model seemed to block 
this avenue, Einstein was forced to invoke a physical argument, hence his proposal that the 
horizon was the seat of “hidden matter” that produced the curvature of space in de Sitter’s 
model. 

Such a bold physical interpretation of a purely mathematical construct clearly had 
limited appeal for skeptical minds like those of de Sitter and Klein. Still, Einstein’s argument 
was not lost on Hermann Weyl, who of course had a complete mastery of the mathematical 
arguments that Einstein’s friendly opponents had put on the table. Indeed, in the first edition 
of Raum-Zeit-Materie, Weyl took up Einstein’s cause, claiming with regard to de Sitter’s 
world: “. . . one sees that the possibility of an empty world contradicts the laws of nature. . . . 
At least at the horizon there must exist masses.”36 Hubert Goenner has recently shown how 
Weyl expended great effort concocting a global space-time purportedly equivalent to de 
Sitter’s, but containing matter.37 Weyl achieved this by pasting three different metrics 
together, though apparently it took some time before he realized that this did not yield a 
manifold of constant curvature, a key property of de Sitter’s model. By 1923, when he 
published the fifth edition of Raum-Zeit-Materie, Weyl not only acknowledged that de Sitter’s 
matter-free space-time was a legitimate cosmological model but even argued that it was 
superior to Einstein’s cylindrical universe. Soon thereafter, he publicly adopted a position on 
Mach’s principle similar to Sitter’s (see Röhle’s section 5.1) by disavowing the Machian 
gospel according to Einstein.38 Weyl’s struggle to reach a harmonious balance between 
mathematical representations and their potential physical meanings was deeply affected by his 
engagement with Einstein’s general theory of relativity.39 Having played a key part in what he 
himself regarded as a scientific theory of world-historical significance, Weyl recognized by 
1924 that his Sturm und Drang period had ended when the relativity revolution began to 
subside. 

Since my opening remarks have centered on the Machian elements that ran through 
contemporary discourse on general relativity, it should be added in closing that the studies by 
Kohl, Rosenberger, and Röhle take up several other issues of importance during this period of 
explosive activity and debate. Indeed, all three authors show that by focusing on the parts 

                                                 
36 Hermann Weyl, Raum–Zeit–Materie. Vorlesungen über allgemeine Relativitätstheorie. Berlin: Springer, 1918, 
p. 225. 
37 Hubert Goenner, “Weyl's Contributions to Cosmology,” in Erhard Scholz, ed., Hermann Weyl’s Raum-Zeit-
Materie and a General Introduction to his Scientific Work. (DMV Seminar, 30.) Basel/Boston: Birkhäuser 
Verlag, 2001, pp. 105-137. 
38 Hermann Weyl, “Massenträgheit und Kosmos. Ein Dialog,” Die Naturwissenschaften 12 (1924): 197-204. 
39 For a sensitive and probing account of Weyl’s interests and intellectual development during this period, see 
Erhard Scholz, “Weyls Infinitesimalgeometrie, 1917-1925,” in Scholz, ed., Hermann Weyl’s Raum-Zeit-Materie 
and a General Introduction to his Scientific Work, pp. 48-104. 



 xii 

played by “secondary actors” like Mie, Thirring, and de Sitter, many new perspectives 
quickly emerge. Considering the enormous popular and scholarly literature dealing with 
Einstein and the general theory of relativity, it would seem both appropriate and timely for 
historians to take a closer look at the individuals and communities most directly involved with 
these developments. Many, of course, road relativity’s waves. Yet not just a few helped make 
them, while others tried to resist their tidal force. We are still far from having a full picture of 
the twentieth century’s most dramatic scientific revolution. 
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