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Foreword


Testing General Relativity: Intercalation, Expansion, Articulation

Peter Galison

Einstein had deep faith in general relativity.1 Yet, he was never indifferent to experiment. Each of his three main papers written in 1905 ended with a laboratory check. His Brownian motion culminated in predictions about suspended particles in a liquid. His light quantum paper, among other phenomena, gave an account of the photoelectric effect. Not least, his special relativity paper finished with a prediction of the motion of electrons as they passed through an electromagnetic field. In 1915, Einstein’s general relativity paper concluded with the three classical tests: the deflection of starlight passing near the Sun, the frequency shift of light as it beamed to or from a gravitating object, and the (then already-known) precession of the perihelion of Mercury.

As the authors of the following essays make clear, putting Einstein’s theory of gravity up against observation and experiment began—by no means ended—with Mercury’s motion alongside lensed and reddened light in the presence of a gravitating body. Contemplating the hundred-year empirical study of general relativity leaves one with a deepened appreciation for the expanding sphere of applications of Einstein’s account of gravity, theory now woven into the fabric of theoretical physics, astrophysics, mathematics, and philosophy. Probing the theory/experiment relation, as the authors do here, shatters the too-simple account that we have of it.

Back in the days of logical positivism, experiment and theory appeared like a protagonist facing off against an antagonist in a two-person play: The theory-hero would triumph over the experiment-foil—or be slain by it. Even in the antipositivist philosophical heyday of the 1960s and ’70s, when theory was prioritized and experiment sidelined under the force of the purely conceptual, the story fit in a two-part script with but two dramatis personae: theory versus observation.

Not here: The essays in this volume leave far behind cartoon prediction verified, confirmed, or falsified by a needle pointer on a gas gauge display. Nor is the picture of experimental test reduced to gestalt picture dominance by theoretical presupposition. No, the historical depth of the work presented is striking: showing (for example) that studies of the “anomalous” Mercury perihelion began long before 1915. Jeffrey Crelinsten and Daniel Kennefick each track the long history of stellar light bending near the Sun during eclipses, before Einstein advanced the equivalence principle, that “happiest of thoughts” when he imagined a worker and wrench in free fall, as if, in all ways, without gravity. Klaus Hentschel’s examination of spectroscopy shows us that the hunt for a redshift was already a going concern years before Einstein laid down his eponymous equations—decades before 1959, when Robert Pound and Glen A. Rebka Jr. launched photons up and down the Jefferson Laboratory tower at Harvard. Brandon Brown takes up the story from there, following it through increasingly precise versions of the experiment.2 Gravity Probe A (Connemara Doran and David DeVorkin) strikingly sharpened those redshift limits. All these experiments isolated Einstein’s equivalence principle, showing that, in a gravitational potential trough, time slowed. (Irwin Shapiro’s 1964 “fourth test” of relativity demonstrated that a bounced radar beam to Venus, when it grazed the Sun, also was affected by the radial stretching of space.) Time and space reshaped, just as Einstein predicted.

So, a first and important lesson from these essays: the timelines of Einstein’s general relativity and its tests are not lined up. Instead, there is an offset in periodization that one might expect on general grounds. Who would want to test one of the most radical theories ever advanced with an utterly unproven assembly of instruments and experimental configurations? Who would want to inaugurate a new instrument, build a new experiment, and advance a new theory all at once? Doubt would stack on doubt with no stability anywhere.3 Instead, the classic tests of general relativity had breaks and continuities in their timelines intercalated with those of theory.

A second theme through this volume: Testing Einstein requires a great chain with many links joining high theory to material measures, far more than a sudden juxtaposition of the Einstein equations and the readout of an experiment. It took laddered steps to join theory and experiment, steps that Einstein and others began putting in place almost the moment Einstein’s ink was drying on his now eponymous 1915 equations. In 1916, his polymath astronomer friend Karl Schwarzschild found an exact solution (Einstein had only had an approximation) to the equations for the foundational case of a point source. Einstein was delighted with Schwarzschild’s wartime triumph, and rightly so. Passing from the equations to an analytic solution was a vital link joining the theory with observation. So too was it such a link when Roy Kerr, in 1963, generalized the Schwarzschild solution with one for a rotating black hole. Observational cosmology too is possible only through further development of the fundamental laws in solutions, diagrams, approximations and more (Cormac O’Raifeartaigh).

The point: It is not just Einstein’s theory that is under test; instead, the very idea of a test is more rightly attributed to that whole chain of links binding the equations to observables. Not only these solutions (and others such as the electrically charged versions of Schwarzschild or Kerr) but more steps were needed to bind theory to observation. One thinks here, beyond analytic solutions to the equations, of the development of approximations to the Einstein solution for the case of weak gravitational field, and motion of matter small compared with the speed of light. Such post-Newtonian approximations were vital bonds linking theory to experiment. As Clifford Will has argued—in this volume and elsewhere—the effectiveness of the post-Newtonian approximation has defied expectations, working better than it “should.”4

Similarly, though the Laser Interferometer Gravitational-Wave Observatory (LIGO) is not in the scope of the present volume,5 there is a strong parallel: numerical analysis of the Einstein equations, not least the contributions of Frans Pretorius in 2005 toward tracking the close orbits of two black holes as they spiraled toward merger. Such techniques were absolutely vital in tying general relativity to the case of merging black holes in intense gravitational fields. Only with these new methods could theory be compared with the delicate motion of LIGO’s suspended mirrors. Tests explore more than bare fundamental laws. They engage the long chain of theory, solutions, approximation, and numerical calculations: an expansion of the too-simple picture of a pure theory/observation binary.

The third feature I find so striking about the history of gravitational tests might be thought of as articulation, the working out of the general theory of relativity through its consequences, its effects, its predictions, and, not least, new understanding. Here there is a striking resemblance to the history of James Clerk Maxwell’s electrodynamics, a theory Einstein hugely admired. The analogy I have in mind is not that of one field theory to another, nor the significance of the partial differential equations of compressible matter and the distortions of space-time.6

What I have in mind is this: At first, of course, Maxwell’s equations were very much up for test in the sense of direct confrontation with laboratory work. Reinterpreting the equations (Maxwell’s theory is Maxwell’s equations), Heinrich Hertz probed their most striking prediction: electromagnetic waves. Hertz’s epochal work surely did have a fundamental role in establishing Maxwell’s theory. But soon enough, there came a point where Maxwell’s equations were opening new domains of science, not just in the electromagnetic spectrum (from visible light to X-rays, gamma rays, and infrared and ultraviolet radiation) but also novel effects and applications. Engineers used the equations to design factory-sized electrical generators, thousand-mile power transmission lines, street lighting, electric car motors, telephone lines, and transatlantic cables. Sometimes the effects electrodynamics could address were stunning: Cherenkov radiation, that eerie glow produced when a charged particle moves through a substance faster than the speed of light in that material comes to mind. Or magnetohydrodynamics: The theory that represents electrically charged fluids—in plasmas or liquid metals, for example—became a workhorse for understanding the heliosphere, the hot plasmas formed to approach controlled nuclear fusion, or the magnetosphere of neutron stars and the accretion disks of black holes.

Were all these uses, predictions, explanations, and devices tests of Maxwell? Not really: Maxwell’s equations became tools for predicting, explaining, and understanding. Indeed, no hard and fast line separates the regime of tests from the regime of applications. No one took out an inked rubber stamp one fine day to certify “confirmed” Maxwell’s, or Einstein’s, theory. Instead, the transition was—and is still for Einstein’s theory—gradual, halting.

Perhaps one should see the last decades of general relativity similarly: Instead of looking for a thumbs-up or thumbs-down in some imaginary gladiatorial battle, perhaps we should look at the last hundred years of relativity—especially since the “renaissance” of general relativity starting in the 1960s (Alexander Blum, Roberto Lalli, Juergen Renn on that renaissance; Cliff Will on the effectiveness of approximations; and Paul Halpern on John Wheeler’s engineering-style theorizing to bring relativity into contact with observation)—as a productive articulation of gravitational physics using increasingly credible theories of (general) relativity. Gravity Probe B (2004) aimed to demonstrate the gravitational analogue of magnetism: In general relativity, a spinning gyroscope would move differently in the spinning Earth’s gravitational field than the same gyro would in Newtonian gravity. Another effect: Roger Penrose (1971) showed that the dragged space-time around a black hole allowed the extraction of energy from a spinning black hole.

These and other instances show an ever-widening articulation of general relativity. Examples of that empirical articulation of general relativity are many. In 1974, Joseph Taylor and Russell Hulse showed that pulsar PSR 1913 + 16, orbiting around a (neutron) star, was speeding up its rotation, just as one would expect if the system was emitting gravity waves through space-time, precisely as relativity theory predicted. Bit by bit, the two dense objects were falling into one another—the continuing story of such pulsar constraints on theory effectively conveyed in this volume by Paulo C.C. Freire and Norbert Wex. For its part, LIGO may have begun as a singularly sensitive detector of the effect of gravitational waves here on Earth, but by the mid-2010s, it had become something else entirely: an observatory to explore the mergers of compact objects like black holes and neutron stars. And then, a further development of LIGO: It coordinated with other forms of observation, forming a true multimessenger astronomy, joining gravity waves to electromagnetic waves.

Of all the unexpected features of general relativity, perhaps the strangest, most unnerving of all has been the century-old story of black holes. Born as a mathematical aside in Karl Schwarzschild’s World War I solution of Einstein’s theory, what we now call a horizon, soon became a thorn in Einstein’s side. Einstein, after listening to Hadamard, worried about the “Hadamard catastrophe”: The apparent blowing up of the metric at the horizon, threatening the coherence of the whole theory. By the early 1930s, that threat quietly vanished, the horizon “singularity” understood to be just an infelicitous choice of coordinates. But it took decades, starting in the 1960s, for black holes to emerge as a possible element of physical reality (Jeroen van Dongen, Emilie Skulberg).

Bit by bit, the physical reality of black holes emerged. In the early 1970s, the rapidly fluctuating X-ray source, Cygnus X-1, offered a case for a black hole: too much mass confined to too small a volume to be a star, too massive to be neutron star. LIGO detected its first candidate for a black hole–black hole merger in 2015. By then, Andrea Ghez and Reinhard Genzel were observing stars orbiting our galactic center in trajectories that, by Newtonian physics, implied a massive object of four million solar masses. Soon after, the Event Horizon Telescope made the first photographs of the supermassive black hole M87* in the Virgo cluster of galaxies (2019) and another, Sgr A*, in the Milky Way center three years later. Perhaps in the not-too distant future the Black Hole Explorer will detect the photon ring, light orbiting black holes. By theory, by observation, by explanation of phenomena, black holes became ever “more real,” to the point where black holes—and with them, general relativity—are now fundamental to our grasp of the billions of galaxies populating the visible universe.

All good things come to a limit. Maxwell’s theory didn’t fail as a theory of classical electrodynamics, but it did come to its validity limit as quantum electrodynamics entered after World War II. Hyperfine splitting, the Lamb shift, positronium orbital levels—a gamut of phenomena beyond the competence of classical theory. But within its classical remit, Maxwell’s theory remains generative, offering new phenomena, extendable across vast domains and scales. Perhaps this is how we should see the probes of general relativity in the late twentieth and early twenty-first centuries: not as up-or-down tests, but as articulations of the theory, inquiry into the astonishing predictions of a theory that continues to open doors. It seems increasingly unlikely that classical general relativity will fail in the realm of classical tests. Of course, there will long be patches to cover in the parameter space defined by strength of field on one axis and curvature on the other—in principle, one fine day, general relativity could come a cropper in one of them.

But it may well be a losing bet to wager against Einstein, that we will locate an Achilles’ heel of the theory before quantum gravity effects become important. These days we certainly can say we are testing Einstein, but we are doing it in an expanded sense: We are looking to explore the effects and dynamics of space-time, not to scuttle or sanctify the Einstein equations. The overall arc of work aims to better understand what the equations expose, what new effects they augur, how we can deploy their explanatory power for grasping vital astrophysical phenomena. This volume helps us order and grasp the astonishing variety of experiments that inquire into Einstein’s theory in a widening gyre of circumstances. This marvelous book shows us the intense and long-running inquiries into many key moments, examining the shifting experimental, instrumental, and theoretical contexts of each. Tests become tools. Indeed, the greatest test of all may well be marked when the theory is proving so generative in its predictions, explanations, and understanding that its explanatory, predictive, and instrumental power no longer registers as a test.
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Introduction


Experimental gravity is both among the most famous and the least known discipline in physics. On the one hand, several of the most celebrated experiments in the history of physics have been gravity experiments.1 This includes experiments that may never have been more than thought experiments, such as Galileo’s tower drop and Newton’s apple. Yet, at the same time, most experimental work in this field is the kind of careful, esoteric high-precision research that receives little attention from the public at large. Even fellow scientists may admire this kind of work while paying little attention to its detail. The popular image of gravitational physics is of experiments that take no longer to perform than a literal second or two, the time it takes an apple to fall from a tree or an object to strike the ground at the foot of a medieval tower. But the reality is frequently one of decades-long, painstaking effort, of experiments repeated endlessly year after year with gradual increments in precision, or experiments that took decades of research and planning before they could even be switched on with any hope of success. This field, fundamentally misunderstood as it may be, has also not been easy to fit into the broader narrative of the history of science. Someone who devotes a lifetime to experimentation in this field may find themselves standing somewhat outside of the mainstream of scientific discovery. Furthermore, some work in this field ends in failure, where years of effort go unrewarded by even a single publication, or by a publication that goes largely uncited. Even if a paper is published, it is sometimes laconic, or even gnomic, with the author preferring to draw a veil over the years of struggle, opting to write up their results baldly and briefly. Then they move on, putting the past behind them. Historians, faced with such a meagre literature, have been deterred from engaging with this subdiscipline. Successful study of the field has sometimes demanded the same decades-long persistence shown by the practitioners themselves, as in Harry Collins’s celebrated longitudinal study of gravitational wave detection.

The result of this general lack of attention to the field, apart from a few classic projects, has been that we have relatively little idea of how the techniques of precision experiment are developed and passed on. Much of the history lies submerged, with occasional peaks visible above the surface waves, like a temporal archipelago. How and even whether these peaks form part of a single range, how they are connected, is sometimes not apparent at all. Is there a connection between the experiments of Henry Cavendish and Loránd Eötvös? Is there a line of continuity from Eötvös to the equivalence principle tests of the last half-century or so? In the history of experimental gravity, it has often happened that a new test has emerged that demands expertise in a specific area that was not previously relevant to the subject of gravitational physics. An example is the famous eclipse test of general relativity. Such a test demanded expertise in mounting eclipse expeditions, as well as proficiency in differential astrometry to measure small apparent shifts in stellar positions. For this reason, the experiment was taken up largely by people who had not previously worked on gravitational tests. This complicates the historian’s task, especially when one considers that the famous 1919 expeditions have garnered nearly all the attention, despite the fact that this experiment was trialed repeatedly over more than half a century. In this volume, we make an effort to report every professional eclipse expedition from 1912 to 1973 to test general relativity of which we are aware, including those that obtained no data, hampered by weather, equipment malfunction, or other confounding factors.

Theory testing is sometimes imagined to be the main task of experimental gravity. Partly this is because the flourishing period of this field, from the middle of the twentieth century to the present, coincided with the period of popularity of the falsificationist model of science proposed by philosopher Karl Popper. Additionally, Popper himself claimed that the initial inspiration for this view of proper scientific practice was the 1919 eclipse test of general relativity. Yet the picture that many people have of theory testing as a decisive break with the old at an identifiable historical moment is at odds with the slow pace of research in this field, which is revealed by actual historical study. It sometimes happens that the original theory that inspired a specific experiment has already been abandoned (falsified, if you will) by the time the experiment is finally accomplished (a celebrated example is that of Gravity Probe B). Theory testing takes seconds in the popular imagination and is usually performed in public, as with Galileo dropping balls from his tower. In one dramatized version of the 1919 eclipse expeditions, Eddington compares the eclipse and comparison plates for the first time at the famous joint meeting where, in real life, he and Frank Dyson merely announced the results.2 Given that many people are unaware of the painstaking work of the data analysis that goes on in the seclusion of the observatory or laboratory, it is perhaps not surprising that we sometime hear talk of fraud and misrepresentation of data when a more realistic depiction of the historical events is given.

Since theory testing is strongly associated with gravitational physics, it is surprising that general relativity did not immediately give rise to a golden age of such experimental tests. The fame of the 1919 eclipse expeditions tends to obscure the paucity of such tests in the first half-century of the theory’s existence. Of course, there were other eclipse expeditions, but few that gave rise to notable results. The solar redshift was not very conclusive in a theory-testing sense, and the Mercury perihelion also had a complex and difficult-to-interpret observational history. It’s not that there was no interest in testing Einstein’s theory, but the challenges standing in the way were daunting. Einstein would occasionally receive letters asking him about the feasibility of such experiments, and he had more or less a stock response, drawing attention to the tiny magnitude of the predicted effects. An example of such a letter is one from Wilhelm Hort in 1919,3 asking about the feasibility of measuring frame dragging. In his reply, Einstein poured cold water on the idea,4 stating that “unfortunately, demonstrating dynamic fields of gravitation by experiments in the laboratory is practically excluded because of the weakness of those fields,” citing the smallness of the gravitational constant. In an earlier publication, he also noted the impossibility of detecting gravitational waves, for the same reason, “in all imaginable cases.”5 It is noteworthy that Hort was familiar with the experiment conducted by the Friedlander brothers in the late ninetenth century to test Mach’s ideas about what we would now call frame dragging, based on the famous Newton’s bucket thought experiment.6 There is clear evidence that a subculture of amateurs already existed doing experiments of this type before Einstein came on the scene.

So, we know that a number of potential gravitational experiments arising from his theory were thought to be impossible by Einstein, including measuring frame dragging, detecting gravitational waves, and observing the Einstein ring predicted for gravitational lensing, as well, arguably, as proving the existence of the cosmological constant.7 Yet all these things have now been measured and detected. In essence, the history of this field has been one of taking thought experiments and making them real, drawing pure imagination into the physical world. But, again, this took time. It was not until the 1950s, many decades after the development of general relativity that experimental gravity really became a professional subfield of physics. This occurred during the renaissance of general relativity, though one can argue that it was not a rebirth for experimental gravity, since the field had never enjoyed a long-term institutional existence before then (Jim Peebles refers to the “naissance” of experimental gravity in a paper of 2017).8

A good illustration of Einstein’s reluctance to publish about effects he considered beyond the reach of experiment is the celebrated “fourth classical test” of general relativity, the Shapiro time delay. Light passing near the Sun on its way to the Earth is not only deflected from its path but delayed due to gravitational time dilation caused by the relatively strong gravity of the Sun. Although Einstein undoubtedly understood this very well, he did not identify it or promote it as a possible test of his theory. When the possibility of making such a test did come to the attention of a physicist, the young Irwin Shapiro, then working at MIT’s Lincoln Lab on radar, it was at a talk given by an electrical engineer George Stroke, who was working on precision measurements of the speed of light and had come across the prediction, little known outside of the then small (early 1960s) field of general relativity, that gravitational time dilation means that light is effectively slowed down by gravity (clocks in the field measure the usual speed, but clocks of a distant observer differ). As discussed in Wilson and Kaiser,9 this brief exposure to an unusual aspect of gravitational theory bore fruit because of the needs of the nascent space program and the military’s need for guidance on long-range missiles. Shapiro became involved with attempts at the Lincoln Lab to use radar reflection off the planet Venus to measure precisely the astronomical unit, and he developed a pioneering computer program that could produce planetary and lunar ephemeris data (the Planetary Ephemeris Program), which strongly influenced the development of the Jet Propulson Laboratory (JPL) ephemeris.

Although Shapiro had trained as a nuclear physicist, these two classic astronomy projects combined with his chance encounter with general relativity theory to place him perfectly to take advantage of improvements in radar technology. It became possible to time radar reflections off Venus at superior conjunction (when it is on the far side of the Sun from the Earth) with sufficient accuracy to successfully test the prediction of what has become known as the Shapiro time delay.10 An interesting aspect of the detailed account of Shapiro’s experiment given by Wilson and Kaiser is that the peak visible above the waves turns out, in this case, to be like an isolated volcanic island rather than a partially submerged range of hills. Shapiro does not seem to have been linked either to other experimental gravity researchers or to theoretical relativists. It appears relativists had been successful enough in writing about their theory that useful facts about its predictions were circulating orally without the direct involvement of the theorists. Similarly, exposure to precision measurement could come from other areas of physics (as in Stroke’s work on optics) or astronomy (as in Shapiro’s ephemeris work). Because many precision tests of gravity depend on optical effects, or techniques from other fields, such as nuclear physics in the case of the Pound–Rebka experiment, it may be relatively common for new precision tests of gravity to arise organically from the broadly construed physics community rather than from a specific subfield. Additionally, the interdisciplinary nature of certain projects seems to play a significant role, at least in some cases.

We have chosen to focus only on tests of general relativity in this book and thus begin our story after 1912, with the first use of eclipse data to test the light deflection prediction of the equivalence principle, then still operating as a heuristic device as Einstein groped toward what would become the general relativity theory. The existence of a long tradition of equivalence principle tests before this date is well known.11,12,13,14 Experiments on Mach’s principle also predate general relativity, as discussed in John Norton’s 1995 paper already mentioned. This topic, of what is called “Newton’s bucket,” is a particular example of the progress of technology gradually turning thought experiments (this one originally proposed by Newton himself in the context of a discussion of whether space had an absolute character, conducted with Leibniz and others) into real experiments, as in the case of Gravity Probe B, which is becoming the focus of historical study. We have chosen to focus primarily on experiments and topics that have received less attention from historians, for instance, paying more attention to other eclipse expeditions than to the celebrated ones of 1919.

To illustrate the slow growth of the field, the book is arranged chronologically. The first part focuses on the prewar period, until approximately 1939, and therefore deals primarily (but not exclusively) with the three classical tests of general relativity. We have chosen, however, not to cover the Mercury perihelion test, on the grounds that the observational part of that enterprise had taken place long before Einstein raised it to the status of a crucial theory test. Einstein’s own contribution obviously belongs to theory rather than to experiment. The second test is the solar redshift experiment, the early history of which is ably recounted in our first chapter, by Klaus Hentschel. Then follow two papers that aim to track the complete list of eclipse expeditions to test Einstein’s light deflection prediction between 1912 and 1973. In the first of these, Jeffrey Crelinsten examines the expeditions mounted before 1930, a dramatic story of struggles against war and weather by the pioneers of this remarkable experiment. Crelinsten covers the entirety of the period in which theory testing between Einstein’s and Newton’s theory was still at issue. Then Daniel Kennefick continues the story from 1930 up until the last professional eclipse expedition to perform the Einstein experiment was launched in 1973. After that, Cormac O’Raifeartaigh shows how the early development of Big Bang cosmology constituted a different, but equally impressive, test of general relativity. To conclude part I, Jeroen van Dongen demonstrates how early ideas about what we now call black holes were developed as researchers like Robert Oppenheimer came to realize that the Schwarzschild metric described something you could fall into, with no possibility of return. His paper marks an appropriate transition from the early relativity theory to the more mature, and more radical, theory that emerged in the mid-twentieth century. Van Dongen also contributes to our picture of the relationship between Einstein and Oppenheimer, first taken up by Silvan S. Schweber in his well-known book.15

Part II of the volume sees the field of relativity, and the field of experimental gravity, beginning to find its feet. Cliff Will, the doyen of historians of this subject, sets the scene by describing the postwar renaissance of general relativity. Alex Blum, Roberto Lalli, and Jürgen Renn show how the rival theory of Carl Brans and Robert Dicke, not to mention the contributions of Dicke himself, gave powerful impetus to experimental gravity as the arena of a new theory-testing epoch. Another major breakthrough, showing how new experimental techniques could provide unheard of standards of precision when applied to the classical tests, was the Pound–Rebka experiment, whose story is told here by Brandon Brown. A major theorist of this period who, again, made major efforts to collaborate with and maintain contact with experimenters, was John Wheeler, as described here by Paul Halpern.

Science entered the space-age in the 1960s, and gravitational physics was no exception. One of the first such experiments was NASA’s Gravity Probe A, whose story is recounted by Connemara Doran and David DeVorkin. Not everything was new and unprecedented, since the study of the equivalence principle (of which Gravity Probe A was a part) goes all the way back to Galileo. However, the field continued to be marked by radically new kinds of experiment, which was especially true after the discovery of pulsars, and the first binary pulsar, a story which is told by Paulo Freire and Norbert Wex. The twenty-first century has been marked by major breakthroughs in the field of experimental gravity, which have caught the public’s imagination. One of these is the Event Horizon Telescope’s imaging of a black hole in M87. The history of efforts to visualize these extraordinary objects forms a fitting conclusion to the volume in the fascinating paper by Emilie Skulberg.

The philosopher and physicist Allan Franklin has lamented The Neglect of Experiment, and nowhere in the field of science studies is this problem more obvious than in the study of gravitational physics.16 While careful and detailed scrutiny of the genesis of general relativity has enormously improved our understanding of the historical origins of this important theory,17 the experimental arena, including even the testing of the theory, is often given surprisingly short shrift. Admittedly the three classical tests have been the subject of several books, including those written by the first four authors in this volume. Even better, we are fortunate enough to have a volume that expertly summarizes the field as a whole in the work of Cliff Will, whose Was Einstein Right? Putting General Relativity to the Test gave a wide-ranging, thorough, and accessible guide to the subject, especially as pertains to its theory-testing aspects. Will is himself an expert participant in the theory-testing endeavor in gravitational physics.18 He has also given a more technical exposition in Theory and Experiment in Gravitational Physics and a new volume that brings the story up to date in the era of the detection of gravitation waves, Is Einstein Still Right?: Black Holes, Gravitational Waves, and the Quest to Verify Einstein’s Greatest Creation. Tests of the equivalence principle have also received attention, for instance, from Allan Franklin,19 but the dramatic emergence of high-precision tests of gravity in the mid-twentieth century has only just recently become the subject of important papers, such as that by Jim Peebles.20 But it is noteworthy that all of these papers have been written by physicists. We still await the historian of science who will make a close study of high-precision experimental gravity and its origins. Our hope is that this book will help encourage such scrutiny.

The reader of this volume will note that we have omitted one very important subfield of experimental gravity, that of gravitational wave detection. That omission is deliberate. We feel that gravitational waves have been the exception that proves the rule. That field has achieved a level of prominence that has encouraged historians, sociologists, and philosophers to engage with it at considerable length. More than half a dozen books on the history of gravitational wave research have already been published, as well as many papers.21 The specific subdiscipline of gravitational wave detection has been studied at a unique level of detail by Harry Collins in several books.22

Doubtless there are still interesting questions to be asked about the history of gravitational wave detection, but, given our aim of exposing an underexamined discipline to the attention of the science studies world, it seemed that any paper devoted to the well-known and better-studied field of gravitational waves would come at the expense of one of the lesser-known aspects of experimental gravity. In the end, wishing not to trespass on the reader’s attention with too long a volume, we elected to leave gravitational waves to those who have written about them at greater length. We hope the reader will feel richly rewarded by the variety of topics we have been able to assemble under our general heading. We further hope that they will find they have been introduced to new topics multiple times as they read through the volume. The editors of this volume very much hope that the fascinating and important work done by the authors who have contributed here will inspire others, in the coming years, to map out more of this extraordinary history in the kind of rich detail provided in the chapters that follow.
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1 Gravitational Redshift: Early Efforts to Confirm Einstein’s Prediction in the Solar Spectrum Prior to 1930


Klaus Hentschel


1.1 Introduction

Gravitational redshift of spectral lines (abbreviated GRS in the following) is the oldest of the three classical predictions of Albert Einstein’s general theory of relativity and gravitation (from now on abbreviated GTR). He first predicted such a subtle shift of spectral lines emitted from heavy bodies in 1907, in a review paper on his special theory of relativity (SRT). Considering how far accelerations could be incorporated into SRT, he introduced the so-called equivalence principle as a first step toward a generalized theory of relativity. Einstein assumed that locally acceleration and gravitation cannot be distinguished.1

The following elevator thought experiment (first published in 1917) justified his bold assumption: He imagined an observer in a closed box—for instance, inside an elevator. The observer inside cannot decide whether the accelerations felt are due to the elevator moving upward or due to a gravitational pull downward—both are locally indistinguishable.

Any acceleration against a nonaccelerated and force-free reference frame thus leads to physical effects locally indistinguishable from the effect of gravitation. Even photons would experience this kind of weight.2 What is true for all matter—via the energy-mass equivalence E = mc2 derived with STR—must also be valid for energy. Thus light, one form of energy—interpretable as a wave front (in classical electrodynamics) or as a stream of photons (in Einstein’s 1905 quantum theory of light)—must also experience this effect. If light is emitted from a very massive body (with mass M and gravitational potential Φ), its frequency will be diminished by a factor of (1 – Φ /c2). Since the velocity of light c is constant and c = wavelength/frequency, such a shortening of the light’s frequency means an increase in its wavelength, that is, a shift toward the red end of the spectrum—hence, a gravitational redshift (GRS). Since this GRS depends on the equivalence principle alone, and not on the full GTR, its verification does not amount to a full confirmation of GTR but only of one of its basic components—Einstein’s equivalence principle. In that sense, GRS is not an empirical test of the full-blown GTR. However, if it were empirically proven to be nonexistent, one cornerstone of GTR, the equivalence principle, would be blown away, and Einstein’s theory would have to be seriously modified. The presence of GRS is thus a necessary but by no means a sufficient precondition for the validity of GTR.3

Since GRS was already predicted in 1907, earlier than relativistic light deflection (henceforth abbreviated RLD, 1911) and mercury perihelion motion (1915), one would assume that it was also the first of the three classical tests of GTR to be confirmed in precise measurements. This chapter will show that this is not the case, and that it was—in a sense—the last of these three “crucial” tests of GTR to be confirmed empirically. We will see that one reason for this long uncertainty about GRS was that, empirically, it is often superimposed by various other effects also leading to redshifts, including Doppler effects induced by relative motion, pressure shifts, and scattering effects. Another reason is that the predicted GRS is very small, only 2 · 10–6 in the spectrum of the Sun with mass MS, and still much smaller by factor mP/MS for all planets with mass mP in the solar system. Thus, until 1960, empirical measurements of GRS were viable only in the solar spectrum, where they were not easy to identify either because of various superimposing effects.4


1.1.1 Discovery of Redshift in the Solar Spectrum Around 1890

This leads to the question of when this minute shift of spectral lines was discovered at all. The answer will surprise most readers, since a redshift in the solar spectrum was first observed around 1890 at the Johns Hopkins University in Baltimore.5

By 1895, Henry A. Rowland (1848–1901), who directed the physics department, had sold nearly three hundred of his gratings at a price determined by production costs to spectroscopists in physical and chemical laboratories as well as to astronomical observatories all over the world. His own team in Baltimore conducted an extensive inventory of Fraunhofer lines in the solar spectrum and of emission lines of all available elements in his laboratory with the best concave gratings from his own production.6

While working on his “Preliminary table of solar spectrum wave lengths” and on various photographic spectrum maps of the solar and terrestrial spectra, Rowland encountered a nagging problem whenever he obtained photographic plates showing both the Fraunhofer lines in the Sun’s spectrum and a comparison spectrum of emission lines of glowing gases from the source in his laboratory. Instead of finding the expected precise coincidences, he nearly always found minute shifts in the order of 1/100th to 2/100th of one angstrom (i.e., 1 to 2 · 10–10m). The effect proved to be too persistent to be simply ignored.

Although Rowland himself refused to accept the shift of spectral lines as a real effect, one of his assistants, Lewis E. Jewell (c.1863–?), persisted in studying it. Jewell had been working at Johns Hopkins University at least since 1887. During the winter of 1890, Jewell concluded that these systematic deviations between the wavelengths of metallic lines in the arc and those in the Sun’s spectrum could not be explained based on accidental errors. Not only was the displacement nearly the same for the same lines, taken upon different plates, but that there was a distinct difference in the displacement, not just for the lines of different elements but also for the lines of different character belonging to the same element. This ruled out the low-key explanation favored by Rowland, that the apparatus had moved between exposures. In February 1896, Jewell published a list of about 150 spectral lines from the Sun, of which 127 were shifted toward the red, and twenty toward the violet; only four showed no shift at all when compared with the precise position of the corresponding emission lines in arc spectra. In addition, he found that the shifts tended to be proportional to wavelengths and also that the strongest lines showing the greatest likelihood of reversal in the arc were displaced the most. Contrary to his boss, Jewell attributed shifts to differences in the physical conditions of the substances in the arc and in the solar atmosphere. Without being able to prove his claims, Jewell proposed Doppler shifts induced by motion in the line of sight of solar gases as a possible explanation; soon, he added influences of “pressure or density of material and temperature, or both” as the only feasible reasons for these shifts.7

Two of Rowland’s graduate students, William Jackson Humphreys (1862–1949) and John Frederick Mohler (1864 1930) then worked on the “effect of pressure on the wave-lengths of lines in the arc-spectra of certain elements” and established phenomenological laws describing the spectral shifts as a function of pressure for various elements and groups of spectrum lines.8 They estimated that in the Sun’s so-called reversing layer (which transforms the emission spectra of glowing gases beyond into Fraunhofer absorption spectra) pressures of about 5–6 atm would reign. These estimates had been made based on the observed shifts compared to laboratory measurements of spectra under different pressures (from nearly 0 to about 100 atm). According to their pressure dependence, all chemical elements were classified as belonging to one of four groups (a,b,c,d): all groups showing linear dependence if the gas pressure was increased, but with different coefficients of proportionality.



1.1.2 Einstein’s Belated Awareness of Earlier Measurements and Keen Interest in Confirmation

The discovery of GRS thus actually predated Einstein’s prediction by more than fifteen years. But Einstein did not know anything about these subtle observations when he published his 1907 paper. It took until 1912, when Einstein heard about prior measurements of redshifts after having met the astronomer Leo Wenzel Pollak (1888–1964) in Prague, who in turn sent letters of inquiry to various astrophysicists in Europe and the United States. The first to react with strong interest were Willem H. Julius (1860–1925), who interpreted solar redshifts as evidence for anomalous dispersion, and Erwin F. Freundlich (1885–1964), who had been trained in mathematics and astrophysics in Göttingen and was thus predisposed to taking Einstein’s mathematical theory seriously, whereas most other astronomers took it as absurd or irrelevant for practical purposes since the predicted effects were so small—Einstein’s letter to Freundlich from January 8, 1912, shows that Einstein himself was under no illusion concerning the likelihood of empirical support9 and already well informed about the complex empirical situation:


A small red shift of the sun’s spectral lines (by ca. 0.01 Å) is to be expected, according to the theory [of relativity]. Unfortunately, however, the broadening of the spectral lines toward both sides depends on a variety of causes (pressure—dispersion of light (Julius)—motion (Doppler)), so that a compelling interpretation can hardly be achieved. Are there no extremely sharp lines (i.e., not wider than 0.02 Å) to be found among the lines of the sun? I am only writing to you about this on the side because I do not believe that unambiguous results can be obtained in this way.10



The details of the minute observed shifts in Baltimore were also far from what was to be expected if Einstein’s GRS were their cause. Remember that Jewell had also found a few violet shifts and some lines were not shifted at all—whereas according to Einstein’s prediction, all spectral lines should have been shifted in the same relative amount of 2 · 10–6 leading to orders of magnitude of 0.01 Å for wavelengths of c.5000 Å. Einstein thus knew how small his predicted GRS was, but because the validity of his cherished principle of equivalence depended on it, he was very keen from the start to get this prediction confirmed.11 When the situation with respect to GRS still had not cleared up in late 1919, he wrote to Arthur Stanley Eddington (1882–1944) whose confirmation of RLD had just been published:


I am astonished at the great interest the theory has generated among our English colleagues despite its complexity.… I am convinced that the redshift of spectrum lines is an absolutely compelling consequence of relativity theory. If it were proven that this effect did not exist in nature, then the whole theory would have to be abandoned.12



Even stronger than that, Einstein even defended a kind of theoretical holism according to which all empirical effects deducible from the GTR should be present: “The great attraction of the theory is its logical consistency. If any deduction from it should prove untenable, it must be given up. A modification of it seems impossible without destruction of the whole.”13



1.1.3 Experimental and Instrumental Problems to Identify Redshift in the Solar Spectrum

As crucial as GRS was from a theoretical point of view, it was as difficult to confirm empirically. Severe experimental and instrumental problems long prevented empirical confirmation of GRS in the solar spectrum and its differentiation from Doppler effects of currents in the solar atmosphere, the solar limb effect, pressure shifts, scattering effects, and so on, which also led to shifts. In this sense, the fascinating story of redshift measurements is a story of slow, stepwise disentanglements of various effects all superimposed in the solar spectrum, which lasted until the 1960s.14



1.1.3.1 Evershed (1909–1915) John Evershed (1864–1956) at Kodaikanal Observatory in southeast India had specialized in solar spectroscopy and measurement of small wavelength shifts since he had become assistant there in 1905 and director in 1911. In 1909, he noticed shifts of spectral lines and interpreted those as evidence for Doppler shifts, induced by radial convection currents in solar sunspots, since then called “Evershed effect” (on the following, see Hentschel 1995/98, section 7.4, esp. pp. 419ff.). To measure these very small shifts of 0.025-0.1 Å, induced by the relative motion of gases in the solar atmosphere in the order of magnitude of 1–5 km/s, Evershed developed a special micrometric technique in which he superimposed developed photographs (positives) of spectra with negatives to spot minute shifts at the limit of observability (Evershed 1913a). Since Evershed was unaware of Einstein’s prediction of GRS, for him the only possible explanations for the observed shifts were Doppler or pressure shifts. In 1914, based on his own new laboratory measurements with a self-built electric arc, Evershed and his assistant Thomas Royds (1884–1955) could show that pressure shift does not work since the observed redshifts of spectral lines did not correlate with their sensitivity to pressure shift: To the contrary, those lines most sensitive to pressure shifts were least redshifted.15 Furthermore, Evershed assumed that the strong lines were formed on the outer parts of the solar atmosphere, whereas the weak lines were formed far inside. Therefore, the weaker lines should be stronger shifter since the pressure was supposed to be much higher inside the Sun than in its outer parts. Empirically, however, the contrary was the case.

Altogether, Evershed ended up with revised estimates for the solar pressure well below 1 atm, far lower than earlier estimates from the Baltimore team. Hence, to Evershed only Doppler shifts remained a viable explanation for the observed shifts, consistent with his assumption of convective motions of light emitting gases in or near solar spots. Since solar Doppler shifts varied from element to element and with respect to the angle under which these motions were observed from the Earth, this allowed a more precise modeling of these convection currents.16 Observed shifts at the center of the Sun and near its limb tended to vary: This effect had already been discovered by Jacob Halm (1866–1944) in Edinburgh in 1907, and was called the limb effect.17 Altogether, the Evershed effect and its related assumptions about convective currents in the solar atmosphere had to be taken into account—aside from pressure shifts and yet other effects (such as the limb effect and the pole effect) in all searches for the relativistic GRS.18 The first person to try to do that was Erwin F. Freundlich (1885–1964).




1.1.3.2 Erwin Finlay Freundlich (since 1912) Freundlich was one of the first astrophysicists who took Einstein’s GTR seriously and who obsessively tried to provide empirical tests for both GRS and RLD.19 After first hearing of Einstein’s second prediction, Freundlich used older photographic plates that had been produced during solar eclipses. Since they were useless for other purposes, he then organized an expedition to the Crimea to observe RLD during a solar eclipse in 1914, but the outbreak of the Great War prevented him and his team (arrested in Russia under the suspicion of spying) from obtaining any photographs. Then, he reanalyzed older measurements of spectral lines of the Sun, which had originally been obtained by Evershed, to determine the convection currents of the Sun.

Freundlich agreed with him that pressure shift was excluded as the only cause since solar redshifts and pressure shifts were not correlated.20 After a careful omission of all spectrum lines labeled “unreliable” by Evershed himself and by limiting his choice to those lines proved to be totally pressure independent, Freundlich obtained a smaller set of shifts. For three wavelength regions (around 4040, 4500, and 5170 Å), the average shifts were 0.0081, 0.0090, and 0.0103 Å, thus in the right order of magnitude and increasing with wavelength (as Einstein had predicted). Freundlich thus concluded (a bit euphemisticly, it turned out) that Einstein’s GRS could explain the observed redshifts just as well as Evershed’s hypothesis of gaseous convection currents in the solar atmosphere.21 This overconfident declaration achieved broader awareness of the relevancy of Einstein’s prediction of GRS to the ongoing business of high-precision measurements of solar wavelengths, but methodologically, Freundlich’s efforts were prone to bias in the data selection—he was simply too keen to “find” GRS in available data. Among his politically conservative, mostly antirelativistically predisposed astronomer colleagues worldwide, Freundlich gained the reputation as an Einstein lacky. In fact, in 1915, Einstein openly applauded several of Freundlich’s early efforts to confirm his predictions, but already in 1916, he began to distance himself from Freundlich after his debacle with stellar statistics (see later). By 1921, their personal relations were at a low because of quarrels concerning an Einstein manuscript that Freundlich had sold to finance further research at the Einstein tower.22

Freundlich’s frantic efforts must be seen in light of the fact that his professional colleagues considered a verification of the relativistic effect of redshift in the solar spectrum to be very improbable, due to the interference of other inextricably overlapping effects. Since he could not verify the predictions of GRS experimentally himself (because he then was only a lowly assistant in an astronomical, not astrophysical, observatory without suitable instruments), he “looked for additional important venues of attack in this important issue.”23 The presence of a large gradient of gravitational potential, and thus a light source of great mass, was a precondition for obtaining experimentally verifiable gravitational redshift. Aside from the Sun, fixed stars were therefore especially good candidates, as they were, if not comparable in size to the Sun, often many times larger. But different from the Sun, little was known a priori about their motions relative to the Earth, so the problem here immediately arose of distinguishing between the redshift resulting from gravitation and that resulting from the Doppler effect. The relative motions of the fixed stars away from the Earth can be determined only by spectroscopy, that is, by the Doppler redshift—now he suspected that part of these observed stellar redshift were supposed to be due to GRS in an unknown proportion since nothing was known about their masses. How could both proportions be clearly and indisputably separated from one another? Freundlich worked out a statistical procedure that—he thought—should be capable of doing this. He tabulated the known spectral-line shifts of all the visible fixed stars, uniformly distributed spatially and corrected for the solar apex. Assuming an isotropic universe, a distribution of stellar velocities should result which is “symmetrically grouped according to positive and negative velocities around the total zero.”24 Yet his results were otherwise: “The velocities of the stars derived from the measured line shifts rather cluster around a positive value away from zero, this means, decidedly more positive velocities result than negative ones and specifically, particularly pronouncedly for the smaller velocities between −15 and +15 km [per second] and for stars of a primeval Spectral nature.”25 If the observed line shifts are interpreted as Doppler shifts, then significantly more fixed stars show a movement away from the Earth than toward the Earth. Based upon a static cosmos, which was at that time generally assumed, this was highly implausible. That is why he interpreted this result in such a way that an asymmetrically shifted gravitational redshift, which corresponds to a stellar system expanding on the order of 4–5 km/s, is superimposed upon an accidental Doppler shift symmetrically arranged around the value zero.

To relate these redshifts to Einstein’s predictions, he had to also determine the average mass of the fixed stars of these spectral classifications. Based upon prior spectroscopic analyses of type B binary stars, Freundlich set (mL + m2) = 14 MSUN. If the observed average redshift for class B stars (defined by strong He lines) were entirely an effect of gravitation, then, of course, the mean gravitation potential, or its mass, could be extrapolated. Freundlich thus arrived at 20 MSUN, at least in order of magnitude to the estimate of the mean mass of class B stars stemming from binary systems. Using the same procedure, he calculated estimates of the average masses for class A stars from binary systems as well as by gravitational redshift, ending up with four to five times the size of MSUN for both estimates, which thus happily lead to the same orders of magnitude. He saw in this agreement of order of magnitude estimates an indication of the actual existence of gravitational redshift.

Initially, Einstein welcomed this result and rated Freundlich’s work as “surely fundamental.”26 The most vulnerable spot in Freundlich’s arguments (disregarding the ambitious extrapolation of binary star systems to all stars of one class and the incomplete observational data) was hidden within a formula which determined the relativistic correlation of the observed line shift f with density p and mass m in units of solar mass MSUN, or solar density ρSUN. The astronomer Ritter Hugo von Seeliger (1849–1924), a convinced antirelativist, noticed the deficiency in this formula and got a modified estimate of 65 MSUN.27 The apparent colligation of facts had turned into a strong contradiction. Seeliger’s attentive spotting of this hasty error in Freundlich’s paper was a welcome opportunity to strike back against the relativists. Freundlich was “very disheartened” that “such a gross and unnecessary mistake could happen” to him—his strategy to yield a confirmation of GRS from statistical data of redshifts in stellar spectra had utterly failed.

From now on, Freundlich stood in such bad regard among the Potsdam astrophysicists that Einstein had to use all his influence to prevent Freundlich from being fired. To give Freundlich a less hostile work environment, money was raised for the construction of the “Einstein tower” in Potsdam—world famous because of the extravagant expressionist style of its architect Erich Mendelsohn.28 Freundlich became the Einstein tower’s first director and remained actively involved in various efforts to confirm Einstein’s GTR. Freundlich had bad luck with his expeditions to observe light deflection during solar eclipses29; his efforts to confirm GRS in the well-equipped laboratory of the Einstein tower30 also did not produce any clear-cut data. His friendship with Einstein broke, and in 1933, the new Nazi government forced Freundlich into exile in Scotland where he had very little opportunity to still contribute to empirical tests of relativity theory. His later efforts to explain redshift in stellar spectra as a second-order effect of photon-photon-interaction were also to no avail.31




1.1.3.3 Karl Schwarzschild (1914) and Charles Edward St. John (1917–1928) In connection with high-precision measurements of the solar spectrum, the American astrophysicist Charles Edward St. John (1857–1935) realized the need for a revised table of wavelengths of solar spectral lines. The long-term analysis and tabulation of the solar spectrum, that is, a heavily funded and well-established experimental practice for which the Mount Wilson Solar Observatory near Pasadena had become world famous, was threatened by Einstein’s theoretical prediction claiming that all the former data, in fact, included a new, hitherto unrecognized effect. Without a revision of Rowland’s table of wavelengths, Einstein’s prediction of GRS could not be tested, since such a test required undisputed and clear values for both solar and laboratory wavelengths free from any other, disturbing effects. Thus, St. John initiated the work that resulted in the Mount Wilson Tables of 1928, which finally covered the whole range from λ = 2975 Å to 10200 Å.32

In his first “search for an Einstein relativity-gravitational effect in the Sun” (St. John 1917a), St. John came to a totally negative conclusion: Whereas GRS predicted a redshift of 0.008 Å for wavelengths in the order of magnitude of 4000 Å, St. John de facto only saw little or no redshift for select lines of the nitrogen cyanogen (nitrogen) band spectrum near 3883 Å—specifically chosen because this was believed to be pressure independent. For the same reason, this band spectrum had also been chosen in late 1914 by astrophysicist Karl Schwarzschild (1873–1916), since 1909, the director of the Astrophysical Observatory in Potsdam near Berlin. Even though Schwarzschild, who had been professor of astronomy in Göttingen until 1909, was mathematically inclined—in fact, he contributed an important solution to Einstein’s field equations of GTR in 1916, and was thus predisposed toward the GTR—the results of his careful but highly selective measurements were highly ambiguous: “Upon closer inspection, the situation is far more complicated than first assumed.” The observed redshifts strongly fluctuated from line to line, and the overall average of thirty-three lines between 3844.378, and 3882.828 Å chosen by him only yielded an average redshift of 0.0029Å, thus only one-third of Einstein’s prediction for the solar GRS.33 However, such measurements of only a few selected lines in the cyanogen band spectrum on which St. John, as well as earlier observers, often had relied so far were problematic since it had recently been shown by Raymond T. Birge (1887–1980) that the relative intensity and line profile of these lines was temperature dependent. This problematized judgments on the apparent isolation of selected lines apparently free of strong neighbors since temperature conditions in the Sun are, of course, totally different from laboratory conditions. Isolated checks on a few lines were not conclusive enough, so St. John kept on testing GRS for more and more lines in the solar spectrum. He was ideally suited to pursue this critical test for whether GRS was present in solar data or not, because he did not belong to those enthusiastic Einstein fans who were convinced of GTR from the very beginning but had rather started out critical of GTR and skeptical of GRS.34

In 1920, St. John obtained negative evidence for Einstein’s GRS in data of the magnesium triple in the green yielding practically zero shifts as compared to a GRS prediction of 0.011 Å for these lines (St. John 1920). In 1922, he still protested publicly against the rumor (spread in the New York Times and other newspapers) that recent measurements at Mount Wilson now confirmed GRS.35 In a letter in late 1922, St. John summarized the pros and cons of GRS as follows: “The strong point in its favor is the fact that as a general rule the solar lines shift to the red and we have no really good explanation of such displacements. The difficulties with the Einstein explanation arise from the variation in the amounts of the displacement which seem to have no definite relation to the calculated values.”36 The only way to test Einstein’s GRS properly was an extensive measurement program using spectrum lines of a broad range of wavelengths of many different chemical elements and of different intensities from both the center and the rim of the Sun and from all across the solar surface—a program that St. John was still in the midst of.

St. John’s strategy was a combination of a careful choice of certain groups of high-level lines to get rid of disturbing pressure effects, inclusion of line intensities as an important parameter, a layer-dependent discussion of his data under the assumption that the respective Doppler shifts of different layers in the Sun’s atmosphere could differ (because of changing convection currents in different strata of the Sun), and finally of a clever modeling of the overlap of all of these effects in the actual data to disentangle the various effects.

In late 1923, St. John announced that his own solar spectroscopic data, now sufficiently extensive to be statistically significant, would force him to retreat from his former skepticism concerning the existence of GRS.

“The conclusion is that three major causes are producing the regular differences between solar and terrestrial wavelengths, and that it is possible to disentangle their effects. The causes appear to be the slowing up of the atomic clock in the Sun to an amount predicted by the theory of generalized relativity, radial velocities of moderate cosmic magnitude and in probable directions, and differential scattering in the longer paths traversed through the Sun. The first obtains for all lines in all parts of the Sun, the second appears regularly and continuously, downward at very high and upward at very low levels, while the third manifests itself in the so-called limb-effect.”37

At the time, this was widely interpreted by fellow scientists and journalists alike as the conversion of one of the few remaining serious scientific opponents of Einstein’s GTR.38 Incrementally, St. John succeeded in constructing a hypothetical, but at least fairly consistent, model of GRS and Doppler redshifts, induced by layer-dependent convection currents and previous knowledge about pressure.39



1.1.3.4 Albert Bachem and Leonhard Grebe (1919–1922) In the midst of this complicated situation, two Bonn physicists, Leonhard Grebe (1883–1967) and Albert Bachem (1888–1957), tried to explain why most efforts to find the gravitational redshift before 1920 had failed (for further details and references to primary literature, cf. Hentschel 1992). Like Karl Schwarzschild (1914) before, they carefully measured the wavelengths of select spectrum lines in the cyanogen band—believed to be pressure independent—both in the Sun’s Fraunhofer lines and in the Earth’s comparison spectra. Unlike Schwarzschild, they considered the actual line profiles and rigorously rejected all those lines with strong neighboring lines, which could cause apparent shifts of the line centers. The remaining seven well-isolated lines showed Einstein’s gravitational redshift with acceptable accuracy. Their claim was that in earlier measurements, asymmetric lines with strong neighbors led to apparent changes of measured redshifts—a claim that would indeed explain the strong statistical irregularities in other observer’s measurements. Thus, the strategy by which Einstein’s GRS was supposed to be confirmed more precisely was to limit these measurements to clearly isolated lines of elements not subject to pressure shift and sufficiently strong to allow photometric line profile measurements to confirm the perfect symmetry of their line profile.

It is interesting to see how interested Albert Einstein was in Bachem and Grebe’s data analysis. Einstein supported the spectrometric and photometric work of the two Bonn experimentalists since 1919 with grants from the Notgemeinschaft der Deutschen Wissenschaft and from the Kaiser-Wilhelm-Institut für Physik, which he directed since its foundation in 1917. Initially, the 2000 marks obtained from the latter in April 1919 were intended to be used for the purchase of a high-precision Töpfer microphotometer, but when Bachem and Grebe learned that Freundlich had just obtained a similar instrument for the Astrophysical Observatory in Potsdam, they decided to conduct their measurements in Potsdam in the spring of 1920. Einstein then also arranged that the photograms of the cyanogen line profiles be published as enlarged facsimiles in a separate photographic plate (figure 1.1) in their published article in Zeitschrift für Physik, a newly founded physics journal under the control of Einstein’s supporters.

[image: Charts with a few examples of suitable isolated and symmetric lines compared to unsuitable lines with too strong neighbors.]
Figure 1.1

Plates I–III in Grebe/Bachem (1920) vol. 2 plate I show a selection of a few examples for suitably isolated and symmetric lines [“brauchbar” or “einwandfrei”] and of unsuitable lines with too strong neighbors [“unbrauchbar”]; here plate I.
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Figure 1.2

Comparative plot of all measurements published until 1920 by St. John (1917, 1920), Schwarzschild (1914), and Grebe and Bachem (1920), compared in Wiechert (1920). Einstein’s prediction would be σ = +1, whereas empirical measurement means (dark crosses with their horizontal error margins and strong variation between different line shifts indicated with grey horizontal bars) so far all lay between σ = 0 and σ = +0.6.41


Nevertheless, Bachem’s and Grebe’s claim to have successfully isolated the relativistic effect never convinced the scientific community. One reason for this was their rigid selection criteria for suitable spectrum lines, which excluded more or less all lines previously used to test GRS—in this sense, Bachem and Grebe’s data were incompatible with those of all other researchers. Furthermore, their expensive high-precision spectrophotometer was not available outside the few centers for this kind of research (Bonn, Potsdam, Utrecht, and Mount Wilson), and thirdly, Einstein’s and Freundlich’s strong and open support of Grebe and Bachem’s research immediately caused Einstein’s opponents to suspect fishy business.40

One of these declared opponents of Einstein’s GTR, the Göttingen geophysicist Emil Wiechert (1861–1921), critically checked all data published by St. John, Schwarzschild, and Grebe and Bachem until 1920. The statistical distribution of the various measurements of individual lines, uncertain lines, and double lines shows that the average values of all observers so far were well below the Einstein prediction of σ = 1. Even after submitting all previous measurements to the rigid selection criteria of Grebe and Bachem (indicated by the smaller point cross labeled A.G.B. in Wiechert’s graph), the redshift increased slightly but never reached the Einstein value, remaining in the order of 0.5 sigma in most cases. GRS was thus far from being confirmed—not even the existence of a RS for all spectral lines was established beyond doubt, since the statistical fluctuation in the data of various observers was enormous. Wiechert himself even concluded that Einstein’s GRS was falsified by these data, and that maximally one half of Einstein’s GRS could be present. Essentially, the situation was thus still open: For some spectrum lines redshift existed, but this was dependent on various other factors at play and far too irregular to be a clear signal. No clearer signature, no clear evidence for GRS aside from vague hints, had yet emerged from the messy data.

In 1923, Eddington—himself clearly on Einstein’s side—summarized his attitude with respect to GRS with a careful “wait and see,” connecting this stance with some considerations about how our theory would look if the third experimentum crucis would decide against GRS and GTR. He did not think this likely to happen and ultimately expected a vindication of GRS but emphasized “that gravitational redshift is not beyond doubt.”42

When, during a visit to Europe, St. John saw Einstein and Freundlich in Berlin and Kayser and Grebe in Bonn, he “got from them the idea that they too were far from being satisfied with the present ‘proofs.’ Anyway, they plan a long campaign with the ‘Einstein Turm,’ and I was glad to learn that they, both in Potsdam and Bonn, feel that it will require a great deal of work to establish it convincingly, and that nothing is gained” by select measurements of small sets of data in the manner of Schwarzschild, Bachem and Grebe, and so on.43

By the late 1920s, most experts agreed that that 





1.1.4 Summary: GRS as Interplay of Experiment, Instrumentation, and Theory in Slow Motion
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		Figure 1.1

Plates I–III in Grebe/Bachem (1920) vol. 2 plate I show a selection of a few examples for suitably isolated and symmetric lines [“brauchbar” or “einwandfrei”] and of unsuitable lines with too strong neighbors [“unbrauchbar”]; here plate I.



		Figure 1.2

Comparative plot of all measurements published until 1920 by St. John (1917, 1920), Schwarzschild (1914), and Grebe and Bachem (1920), compared in Wiechert (1920). Einstein’s prediction would be σ = +1, whereas empirical measurement means (dark crosses with their horizontal error margins and strong variation between different line shifts indicated with grey horizontal bars) so far all lay between σ = 0 and σ = +0.6.41



		Figure 1.3

Flow chart of research traditions (all indicated by horizontal lines) within spectroscopy, interferometry, and solar physics from 1880 to 1960—represents precursors; ˫ marks the beginning of a research strand and indicates its continuation into the present; < indicates a branching and > a merging of two research strands; vertical dotted lines with loops (0) symbolize singular efforts to link without medium- or long-term (sub)disciplinary implications, while % represents successful links between research strands; the time axis is horizontal, and from 1860 onward in equal increments, but the order of research traditions on the y-axis is arbitrary.



		Figure 4.1

Graph of radial velocity vs distance for the spiral nebulae (reproduced from Hubble 1929).64 Open circles represent data where solar motion was corrected for nebulae in groups; filled circles represent data where solar motion was corrected for individual nebulae.



		Figure 5.1

Trajectories of light at different impact parameters in a Schwarzschild space-time before the black hole interpretation was introduced. As this illustration documents, anything that falls inward was expected never to pass the “Schwarzschild radius,” here indicated by the distance α. Taken from: Max von Laue, Die Relativitätstheorie, Bd. 2, Die allgemeine Relativitätstheorie (Braunschweig: Vieweg, 1921), p226.



		Figure 7.1

Cocitation network of the publications on general relativity indexed in WoS, 1961–1965. The node shapes represent different clusters, while node sizes are proportional to the number of citations within the explored subset. The most cited fifteen papers from 1961–1965 are listed in decreasing order, from the most cited (rank 1) to the least cited (rank 15). Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 7.2

Cocitation network of the publications on general relativity indexed in WoS, 1966–1970. The node shapes represent different clusters, while node sizes are proportional to the number of citations within the explored subset. The most cited fifteen papers from 1966–1970 are listed in decreasing order, from the most cited (rank 1) to the least cited (rank 15). Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 7.3

Ego-network of the Brans–Dicke paper within the cocitation network of general relativity publications, 1966–1970. This ego-network represents the subset of the full cocitation network that includes only publications cocited with the Brans–Dicke paper during this period. Node shapes indicate different clusters identified within the ego-network, and node sizes are proportional to betweenness centrality within the explored subset. The ten papers with the highest betweenness centrality are listed in descending order, from the highest (rank 1) to the lowest (rank 10). Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 7.4

Number of citations per year of the Brans–Dicke paper between 1961 and 1980 from publications indexed in WoS. Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 7.5

Cocitation network of the publications on general relativity indexed in WoS, 1971–1975. The node shapes represent different clusters, while node sizes are proportional to the number of citations within the explored subset. The most cited fifteen papers from 1971–1975 are listed in decreasing order, from the most cited (rank 1) to the least cited (rank 15). Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 7.6

Ego-network of the Brans–Dicke paper within the cocitation network of general relativity publications, 1971–1975. This ego-network represents the subset of the full cocitation network, including only publications cocited with the Brans–Dicke paper during this period. Node shapes indicate different clusters identified within the ego-network, and node sizes are proportional to betweenness centrality within the explored subset. The ten papers with the highest betweenness centrality are listed in descending order, from the highest (rank 1) to the lowest (rank 10). Credits: Hans-Georg Sell, MPI GEA, 2024.



		Figure 8.1

Simplified diagram of the Mössbauer effect. (A) In normal circumstances, resonant absorption is thwarted by the energy lost when the excited nucleus emits a gamma of energy Δ. Most gamma rays move past other ground state nuclei without being absorbed. (B) If the emitting nuclei is imbedded in a crystalline lattice, conditions can promote resonant absorption, as recoil is greatly suppressed and the emitted gamma ray carries nearly the entire level difference Δ. The effect is detected then by a lack of counts at the detector.



		Figure 8.2

Simplified diagram of the tower experiment, (with actual architectural cutaway adapted from Pound and Snider, 1965). In this case, the penthouse holds the radioactive source, and the absorbing sample, just above a gamma detector, sits in the basement. Note that gamma frequencies increase and wavelengths decrease (greatly exaggerated here), as they descend vertically toward the Earth. (A) If just the right small velocity is induced in the emitter, its Doppler shift− ΔfD can perfectly offset the induced gravitational effect + ΔfG (in this case a “blueshift”), leading to a decrease in counts, consistent with figure 8.1B. (B) On the other hand, if the induced emitter velocity adds a Doppler shift + ΔfD, it only adds to the gravitational effect and resonant absorption is not possible, leading to a greater number of detector counts.



		Figure 8.3

Data results from a Pound–Rebka and Pound–Snider type of measurement with total detector counts plotted versus source velocity, (after figure 1 of Pound and Snider, 1965). The four measured source velocities are obtained by sums of the two simultaneous velocities mechanically induced in the radioactive source. For instance, v1 corresponds to both velocities being parallel and directed away from the absorber, while v4 corresponds to both velocities being parallel and directed toward the absorber. The middle two velocities, v2 and v3, result from antiparallel combinations of the two source velocities. Fitting these four count totals aims to determine the inverted peak of the gravitational effect and report it as an equivalent Doppler velocity, shown here by the open circle.



		Figure 10.1

Gravity Probe A experiment package. Source: NASA Marshall Space Flight Center.



		Figure 10.2

Schematic of the entire experimental system for the Gravity Probe A redshift experiment. Source: Robert Vessot, “Applications of Highly Stable Oscillators to Scientific Measurements,” Proceedings of the IEEE: Special Issue on Time and Frequency, 79, 7 (1991): 1043.



		Figure 10.3

Analog data strip chart from the Gravity Probe A redshift experiment. Source: Figure 3 in Robert Vessot, “Relativity Experiments with Clocks,” Radio Science 14, 4 (1979): 634.



		Figure 10.4

Martin Levine, co-investigator (left) and Robert Vessot, principle investigator (right), at the time of payload delivery for flight. The assembled payload is lightweight and ready for flight. Source: Gravity Probe A Collection, Box 3, Folder 4001 at the University of Alabama in Huntsville Archives, Special Collections and Digital Initiatives, Huntsville, Alabama.



		Figure 10.5

A schematic diagram of the Doppler canceling system used in the Gravity Probe A experiment. Source: Robert Vessot, “Applications of Highly Stable Oscillators to Scientific Measurements,” Proceedings of the IEEE: Special Issue on Time and Frequency, 79, 7 (1991): 1044.



		Figure 11.1

In a mass-mass diagram the x- and y-axes are the mass of the pulsar and of the companion, respectively. Here we show the mass constraints derived, according to GR, from the three different relativistic/post-Keplerian effects measured in Hulse–Taylor pulsar: the precession of periastron (ω˙), the time dilation amplitude (γE), and the change in the orbital period due to gravitational wave emission (P˙b). The bands indicate the one-sigma uncertainties (68 percent confidence range) in their measurement. In 1978, the uncertainties were still large for γE and P˙b, with a 1.3-sigma agreement with GR. By 1988, GR was confirmed within an uncertainty of just 1 percent, seen by the clear intersection of all three curves in one small region.



		Figure 11.2

Mass-mass diagram for the double pulsar based on GR, showing the constraints on the two masses derived from the mass ratio (R) and five different relativistic effects: the precession of periastron (ω˙), the time dilation amplitude (γE), the change in the orbital period due to gravitational wave emission (P˙b), the Shapiro delay (two post-Keplerian parameters: range r and shape s), and the geodetic precession of pulsar B (ΩBgeod). The bands indicate the one-sigma uncertainties in the current measurement of the different post-Keplerian parameters. All these constraints agree on a small region that corresponds to mA = 1.338185−0.000014+0.000012 M⊙ and mB = 1.248868−0.000011+0.000013 M⊙. See Ref.62 for details.



		Figure 11.3

Gravitational wave emission test with the double pulsar. In this figure, we compare the measured times of passage through periastron (in blue) with the GR prediction (the red line) and the prediction with no gravitational wave damping (the black dashed line). As the orbit loses energy, it becomes more compact, the pulsar moves faster and faster, with the time of its passage through periastron happening ever earlier as compared to an orbit where no gravitational wave damping occurs. Within their measurement errors, the observations agree with the GR prediction, providing an order of 10−4 confirmation of GR’s quadrupole formula for gravitational wave emission. Adapted from Ref.65



		Figure 12.1

The first image of the shadow of a black hole based on observation. Credit: The Event Horizon Telescope Collaboration. Creative Commons Attribution 4.0 International License.



		Figure 12.2

Galileo Galilei, 1609. Florence, Biblioteca Nazionale Centrale, Ms. Gal. 48, f. 28r. Courtesy of Biblioteca Nazionale Centrale di Firenze.



		Figure 12.3

Falcke, Melia, and Agol, “Viewing the Shadow of the Black Hole at the Galactic Center,” L15. Courtesy of Heino Falcke.



		Figure 12.4

Psaltis and Doeleman, “The Black Hole Test,” 78. Courtesy of Dimitrios Psaltis.
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