
Chapter	  5.	  	   Time	  in	  general	  relativity	  	  

 “It is absurd to pretend that we have no justifiable conception of ‘becoming’ in the physical world.”—Arthur 

Eddington, The Nature of the Physical World (1929, chapter 5). 

1. The	  origins	  of	  general	  relativity	  

In this chapter we shall be exploring the implications of Einstein’s General Theory of Relativity (GR) 

for our understanding of time. As is well known, in GR spacetime itself is curved. This means that 

an inertial motion along a straight line can in principle curve back on itself—similarly to how you 

can travel always in a straight line on the spherical surface of the Earth and find yourself back at 

your starting point. There’s a huge difference between these two cases, of course. In the latter case 

you are travelling in time along a spatial path from a spatial point at one time to the same point at 

a later time, tracing a spiral in spacetime. But in the hypothetical case of a closed timelike path 

(CTC) in spacetime (such as the spacetime Gödel discovered to be compatible with GR, 

mentioned in chapter 3), if you were to travel along such a curved path you would return to the 

very same spacetime point—you would approach yourself from the past! Clearly, this has great 

relevance for the status of temporal passage. A related consequence of the curving of spacetime is 

the creation of black holes, and the weird temporal phenomena associated with them.  

 But there are some other features of GR that also have bearing on our topic. One is that in GR 

spacetime can no longer be thought of as a kind of background in which events happen, 

ontologically distinct from and separate from what happens in it, since the distribution of matter 

and its motions (whether bodies or fields of force) constrains the shape of the spacetime, and thus 

the trajectories that the constituent bodies and fields must follow. One consequence of this is that 

the issue of passage in spacetime becomes embroiled with the treatment of gravitation. This is 

brought out most clearly in the phenomenon of gravitational time dilation, where time passes at 

different rates for processes situated at different gravitational potentials. We will need to examine 

this phenomenon in relation to the kind of time dilation we saw to occur in SR, for example, in the 

case of the Twin Paradox. A third important consequence of GR is that the solutions to Einstein’s 

field equations involve a dynamic spacetime, and the most plausible solutions yield a space that is 

either contracting or expanding. The discovery by Edwin Hubble that all distant galaxies appear to 

be moving apart at a velocity proportional to their distance confirmed the fact of expansion. This 

fact allows a reinstatement of a kind of universal or cosmic time, namely that in which the 



expansion is taking place. It is the extrapolation backwards of the expansion of spacetime to its 

most concentrated form that allows us to say that the origin, the hypothesized Big Bang, took place 

some 14 billion years ago.  

 So let us now take a look at the main features of the theory of general relativity. Even though 

the devil is in the (highly technical) details, I will restrict the formal apparatus to a minimum. From 

its inception the theory has been something of a tangle of philosophical and mathematical 

components, and several of its leading protagonists understood the essential features of the theory 

in a way heavily influenced by their philosophical proclivities. That is true of the conventionalist 

reading given it by Henri Poincaré and Moritz Schlick, of the attempts by neo-Kantians like Ernst 

Cassirer and Hans Reichenbach to assimilate it to a revised neo-Kantianism, and of the objective 

idealism that Hermann Weyl and Eddington saw to be its main lesson.1 It is even true of Einstein 

himself, who not only took inspiration from Mach’s positivist philosophy but saw the theory initially 

as a grand confirmation of certain of his principles, only to later reinterpret the theory and reject 

his earlier Machianism. So I will do my best to untangle some of this confusion, and to try to lay 

bear the essentials of the theory as it appears to us now, after a century of work by historians and 

philosophers of science.  

 So what prompted Einstein to create GR? Why after developing his Special Theory of Relativity 

and its revolutionary implications, such as the equivalence of mass and energy, did Einstein 

immediately seek to improve upon it and replace it with a more general theory? (GR). The very 

naming of SR as “special” shows that he regarded it as not sufficiently general. The most salient 

respect in which that is so is the special status in the theory of inertial frames. Why should one 

class of reference frames have any claim to priority over any other? This seemed to Einstein as 

arbitrary as the status of aether in the classical theory of electromagnetism. Perhaps, then, in a 

properly general theory inertia would be explained away, or at least explained to be a result of our 

having taken a perspective that is not appropriately general. Again, Einstein had his reasons for 

thinking that the explanation of inertia was deeply bound up with an acceptable theory of gravity. 

One of these arose from his observation that the effects of a gravitational force and an equivalent 

accelerative force would be indistinguishable—think of a test pilot experiencing a force of 2g on 

take-off. Einstein was convinced that this equivalence should be promoted to an identity; this is his 

Equivalence Principle. Also, the Newtonian theory, successful as it was, needed emendation in the 
                                            
1 See (Ryckman 2014) for a highly informative account of the early philosophical interpretations of general relativity. 



light of relativity—a circumstance widely recognized by physicists who had adopted SR. For 

according to Newton, two masses are supposed to attract each other mutually at every instant. 

Such an instantaneous action at a distance had been heavily criticized by Leibniz and by Mach as 

being incompatible with the principles of mechanics; now this criticism seemed to be confirmed by 

the Special Theory, which showed that no influence could propagate faster than the speed of light, 

c. So the Newtonian theory was obviously in need of correction. 

 There were other considerations propelling Einstein towards GR. One was his philosophical 

commitment to the relativity of motion, and the aim to extend it to all reference systems, not just 

inertial ones. Following Mach, he insisted on the relative nature of all motion, and interpreted this 

as a relativity to reference frames conceived as co-ordinate systems defined by material rods and 

clocks. He also followed Mach in rejecting Newton’s argument that the centrifugal force observable 

in a rotating body is a criterion for the absoluteness of that motion. This had led Mach to suggest 

that the inertia or resistance to motion of a mass might be the effect of all the other bodies 

surrounding it. Einstein adopted this explanation of inertia as the consequence of the distribution of 

mass, dubbing it Mach’s Principle, and initially interpreted his field equations as an embodiment of 

that principle. As we shall see, he later changed his mind about the status of this principle, 

relegating it to a provisional scaffolding that had aided in the construction of the theory, but was 

not part of the finished structure. Einstein also came to see that his interpretation of coordinate 

systems had led him astray, and distanced himself from Mach’s positivism. But perhaps his 

repudiation of Mach did not go far enough. For, as we shall also see, the idea that all reference 

frames are physically equivalent is not borne out by his theory. Even though Einstein does not 

appear to clearly acknowledge this, it is still the case in GR that rotational motion cannot be 

transformed away by a change of frame without physical consequences, and that inertial motions, 

while radically reconceived, retain a special status. 

 Now let me try to introduce some order into this discussion. We will start by considering the 

Equivalence Principle, which Einstein rightly regarded as the foundation stone of GR. 

2.	  The	  Equivalence	  Principle	  and	  curved	  spacetime	  

In Newton’s classical theory of gravitation, the accelerative force on any one mass m due to the 

gravitational attraction of another mass M—such as the force that keeps the Earth in orbit around 

the Sun—is proportional to both m and M. The Inverse Square Law is 



FG = GMm/r2 

where G is Newton’s gravitational constant (6.67408 × 10-11 m3 kg-1 s-2). This seems natural enough, 

since we are familiar with the fact that weight, the action of gravity, is proportional to mass. Thus, 

in keeping with Newton’s Second Law, F = ma, we unhesitatingly represent weight as W = mg, 

where W is the weight, m the mass, and g the acceleration due to gravity. But the m in F = ma is 

the inertial mass: it represents the body’s resistance to being moved. Why should it be identical to 

the mass occurring in the inverse square law, the gravitational mass? To clarify this point, compare 

with another inverse square law that was modelled after Newton’s, Coulomb’s law for the 

electrical attraction between two charges, say q1 and –q2: 

FE = –ke q1q2/r
2 

where is Coulomb’s constant (8.99×109 N m2 C−2). By analogy we could regard m and M as 

“gravitational charges”. Why should they be the same as the inertial masses? The acceleration due 

to the electrical force will be FE /m, but that due to gravity will be FG /m = GM/r2, an expression in 

which m does not occur. That is, the acceleration undergone by the Earth due to the Sun’s 

gravitational pull does not depend on the mass of the Earth at all: any body at the same distance 

from the Sun will experience the same acceleration. This persuaded Einstein that there is no 

difference: gravity is, in fact, simply an acceleration. 

 Einstein illustrated this with a thought experiment. When you are on an elevator, you feel a 

slight increase in weight as it starts to ascend. By the same token, if the cable were to snap, you 

would feel no weight at all. In fact your feeling of weight is due to the fact that you are being held 

up against a natural tendency to undergo free fall by the floor of the elevator, or by the ground 

you walk on, or by what ever else keeps you up. 

{*Here I discuss the EP; Maudlin’s account is very good: re-read pp. 132-140} 

3.	  Mach’s	  Principle,	  inertia	  and	  rotational	  motion	  

One strand of Einstein’s thinking about relativity has identifiable origins in the classical debate about 

the nature of space. As will be recalled from our discussion in chapter 3, Mach’s empiricism aligned 

him with Huygens’s stand on the relativity of motion, that the only intelligible motion is motion 

with respect to other bodies. Leibniz had raised this to a general principle, the Equivalence of 

Hypotheses: equivalent descriptions of the phenomena can be had whatever hypothesis is made 



about which bodies are at rest. Probably as a result of his apprenticeship with Huygens in the 

1670s, Leibniz had already recognized that the accepted laws of collision and inertia constituting 

the physics of his time was frameable entirely in terms of the relative motions of bodies. Einstein 

subscribed to the same philosophical position. In a letter written to the physicist Gustav Lie in 1918, 

after his formulation of GR, Einstein describes his commitment to “the standpoint I call relativistic” 

as follows: 

The behaviour of every natural body is such that it is univocally determined by its own state and 

that of all the other bodies. (The statement must naturally be interpreted without instantaneous 

action at a distance.) By “natural bodies’ we must understand here only the perceivable bodies of 

our sensible world. (quoted from the translation in (Torretti 1996, 195) 

This standpoint on the intrinsically relational character of motion had already led Leibniz by 1677 

to reject the idea that any one preferred space, “absolute space”, could be distinguished. This was 

in manuscripts he did not publish, but composed a full ten years before Newton himself had 

published anything about space.  

 When Newton did publish in 1687, however, he proposed a thought experiment designed to 

show the complete untenability of a purely relative motion. This was Newton’s famous “bucket 

experiment”. Newton asked the reader to consider a pail half filled with water, suspended from a 

fixed point with a cord (today, a bungee cord works very nicely). The bucket is twisted through 

many revolutions, and then released so that it spins rapidly about its centre. When the water is at 

rest, its surface will be flat; when, after several seconds, it has picked up the motion of the bucket, 

the surface of the water takes a concave shape, and climbs the side of the pail (actually in beautiful 

spiral arms, like a spiral galaxy). This is due to the centrifugal force, the endeavour of the water to 

continue moving in a straight line due to its inertia, which, because of the constraint of the sides of 

the bucket, tends to move it away from the centre and climb the inclined sides of the pail. 

Newton’s point is that the centrifugal endeavour is a criterion for the reality of this motion. The 

motion is absolute, not relative to the bucket, and must be represented as such in a presupposed 

absolute space. 

{*Here follow Maudlin on the bucket experiment, pp. 20-24; again, his account is fine.*} 

Einstein’s aims for GR, and how he was seriously misled by Mach (and Leibniz and Huygens) and 

the axiom that all motions must be relative to some reference body + the materialist-cum-



empiricist interpretation of reference frames as well as the muddle of confusing them with 

coordinate systems. Poincaré was more sophisticated on this, with his group theoretic account (see 

Torretti; who is also great on Mach’s Principle). 

Mach’s Principle: The [metric] field is exhaustively determined by the masses of bodies. Since mass 

and energy are the same, according to the Special Theory of Relativity, and since the energy is 

formally described by the symmetric energy tensor (Tij), this means that the [metric] field is 

conditioned and determined by the energy tensor of matter. (1918b 241 ff; quoted from Torretti 

1996, 196) Einstein, Albert, “Prinzipielles zur allgemeinen Relativitätstheorie”, Preuss. Ak. Wiss. 

Sitzungber., pp. 448-459. 

The upshot of this section is as follows: in SR rotation can be defined relative to an arbitrary inertial 

system (or an equivalence class of inertially moving systems); as for GR, as described by Torretti on 

op. 200-201, GR “provides the means for giving a definition of rotation in the neighbourhood of a 

particle which is not tied to a frame of reference and is altogether independent of the distribution 

of matter”. That is, we can represent whether a system is rotating or not; but if we impose a 

Lorentz chart (spacetime coordinatization) onto such a particle, we cannot extend it to the whole 

of spacetime. Therefore, as Dieks argues, “nows of global becoming cannot be fixed by Einstein 

simultaneity with respect to worldlines in Minkowski spacetime that are realistic representations of 

actual material worldlines” (2006, 162). If we take a hypersurface orthogonal to the worldline of a 

rotating particle, “it will quite generally not lead to a global definition of simultaneity” (162). Even if 

we allow that the observable universe is not rotating, and take a linearly-ordered set of 3-D spaces, 

each being “orthogonal to the worldlines representing the mean motion of matter” (Dieks 2006, 

165), and even if we ignore difficulties of coarse-graining, etc., “it is obvious that the above-

mentioned empirical fact of a vanishing rotation in our universe can only refer to the net rotation, 

found by averaging on a cosmic scale: [whereas] on a small scale, rotation is present everywhere 

around us.” (166) NB: this is still to tie the simultaneity class to the observer. But it still reinforces 

the point, that becoming cannot be defined in terms of a global foliation in GR. 

“it turns out to be a basic characteristic of the rotating frame that the locally defined Lorentz frames 

do not mesh: they cannot be combined into one frame with a globally defined standard simultaneity. 

Evidently it is possible to define global time coordinates, like t; but the description of physical 

processes in terms of these coordinates must necessarily differ from the standard description in 

inertial systems.” (“Space, Time and Coordinates in a Rotating World”, Dieks 2010 

(arXiv:1002.0130v1), 11) 



4.	  Cosmic	  time	  and	  CTCs	  

{* Again the discussion by Maudlin will do for now: pp. 140-152. 

The main point of what I will add is that a global time function is (i) hard to define accurately, and 

non-existent for rotating frames, (ii) not relevant to local processes, and hardly a candidate for 

resurrecting the classical notion of becoming (which Jeans conceived as involving successions of 

hyperplane-nows, running with the average motion of matter due to the expansion of space), and 

(iii) the “simultaneity” it gives us is not related to our experience in the slightest, which concerns 

things we are in interaction with, as argued in the previous chapter.  

About the absence of a global time for a rotating universe: You could even introduce this with an 

analogy to our own situation of Earth with time zones and the date line. A global time is possible 

for a non-rotating universe. But this global time function, a kind of cosmic smeared-out 

representation of average passage, can give us a rough-and-ready measure of time elapsed since 

the beginning of the universe, provided we bear in mind that individual processes in the same 

universe may not be carried along with it at all (think of processes about to get sucked into black 

holes). *} 
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