The Clock Paradox and Accelerometers^1

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (January 11, 2020; updated February 18, 2020)

1 Problem

Discuss how the “twins”, A and B, in Einstein’s “clock paradox”^2 might assess each other’s “age”^3 during the “round trip” of B, while A remains at rest in an inertial frame, using only measurements, and calculations based thereon, which they could make without the aid of observers located elsewhere.^4

This note was inspired by e-discussions with Mike Fontenot.

2 Solution

When considering two inertial frames, A and B, that have relative velocity v, observers in frame A can make two different comments about the rates of clocks in frame B. If a set of observers in frame A watch a single clock in frame B as it passes them by, they find that the rate of that clock in frame B is slower than the rate of the clocks in frame A by the factor

1It is generally easier to write a paper on the “clock paradox” than to understand one written by someone else._2

This “paradox” was first discussed by Einstein in sec. 4 of [4] (1905), who considered clocks A and B with the result that at the end of B’s trip, this clock (i.e., its proper time) had advanced by,

Δτ_B = ∫ trip B

d τ_B = ∫ trip B d t √ 1 − v^2_B/c^2 < ∫ trip A

d τ_A = ∫ trip A

d t = Δt_A = Δτ_A, (1)

where time t and clock B’s velocity v_B are measured with respect to the inertial frame of clock A, and c is the speed of light in vacuum.

The two entities, A and B, were first considered as people (but not explicitly as twins) by Langevin [5] (1911), and changes in their clocks were associated with “aging”. Einstein elaborated on this “paradox” on p. 12 of [6] (1911), considering A and B as “living organisms”. In his dialogue on relativity [15] (1918), Einstein again emphasized A and B as clocks. The first mention of twins (Zwillingsbrüdern) may have been by Weyl, p. 157 of [17] (1919).

The literature [4]-[351] on the “twin paradox” exhibits a dramatic variety of views, of which the most frequently published was that of Dingle (who opposed Einstein’s theory of relativity; see [238, 351]).

3In this note we consider “age” to mean the reading (proper time) on a clock, for which Einstein’s famous result (1) is that an accelerated clock “ages” less than a nonaccelerated one. This goes against “conventional wisdom” that “life in the fast lane” will cause physiological “aging”. For discussion of the relation of the “clock paradox” to physiology, see [102, 109, 115, 330].

(Oct. 31, 2020.) A delicacy is that a clock of finite dimensions will not, in general, indicate proper time when accelerated [243]. However, the observed lab-frame increase of the lifetime muons moving in circles with velocity near the speed of light [165, 200, 342] indicates that accelerated muons decay with the same proper lifetime as ones at rest (in the lab frame) to very high accuracy.

4That the “ages” the twins assign one another during B’s trip are dependent on conventions they choose is noted, for example, in [240]. Even for inertial observers, such as twin A, there exists an ongoing debate as to whether the notion of distant simultaneity (“age” of a distant object) is a matter of convention [20, 22, 25, 27, 158, 171, 199, 213, 215, 221, 224, 236, 237, 239, 242, 245, 246, 249, 258, 261, 263, 269, 271, 303, 315, 343].

1/γ = √ 1 − v^2/c^2. On the other hand, if a single observer in frame A watches a set of clocks in frame B that pass him by, he will find that the readings on the B clocks, when next to him, increase at a rate faster than the rate of his (A) clock by the factor γ. Most discussions in special relativity emphasize the first type of observation, but in the clock paradox, this type of observation is more relevant for the nonaccelerated twin A than for the accelerated twin B. For the latter, the second type of measurement is more relevant. This asymmetry leads to the result that both twins agree that the accelerated twin “aged” less.

The solution given here gives a perspective on why this asymmetry exists. The solution builds on suggestions of Fremlin [94] and Darwin [96] (1957) that the twins communicate with one another during B’s trip via signals sent at the speed of light.^5 We add that the twins have accelerometers^6 which measure the (3-vector) proper acceleration of the device (relative to its instantaneous rest frame).^{7,8}

2.1 Use of Twin A’s Accelerometer

The accelerometer held by twin A always reads zero, since this twin remains at rest in an inertial frame.

2.2 Use of Twin B’s Accelerometer

In contrast, the accelerometer of twin B reports a nonzero reading α_B(τ_B) of B’s proper acceleration as a function of the proper time τ_B on the clock carried by B. Twin B can then use the measurement of α_B(τ_B) to integrate his equation of motion, using special relativity to deduce his velocity v_B(τ_B), position x_B(τ_B), and time t_B(τ_B) relative to the inertial frame of twin A, in which he (twin B) started his trip from rest at, say, x_B(τ_B(0)) = 0 at, say, time τ_B(0) = t_A(0) = 0.

Twin B’s calculations are simplest if his trip is entirely along a straight line, say the x-axis. Then, the 4-vector x^μ_B has components (ct_B, x_B, 0, 0) in the inertial frame of twin A, while twin B’s proper time interval is related by dτ_B = d t_B/γ_B, where v_B = d x_B/d t_B and γ_B = 1/ √ (1 − v^2_B/c^2). The 4-velocity u^μ_B and 4-acceleration a^μ_B of twin B are related by,

u^μ_B = dx^μ_B dτ_B

= γ_B(c, v_B, 0, 0), u^μ_B u_{B,μ} = c^2, (2)

a^μ_B = du^μ_B dτ_B = ( c dγ_B dτ_B , d(γ_Bv_B) dτ_B

, 0, 0 ) = γ^3_B dv_B dτ_B

(v_B c , 1, 0, 0 ) , (3)

5The earliest proposal for synchronization of clocks via light signals may be that of Poincaré (1904) [3]. Fremlin and Darwin extended discussions by Milne and Whitrow (1933-35) [33, 36, 37] for inertial observers, and that by Page (1936) [38] for uniformly accelerated observers.

6While a version of an accelerometer was demonstrated by Atwood [1] (1784), they we not common until recently. Now, every smartphone has one [350].

Accelerometers were mentioned briefly by McMillan (1957) [93], by not used in the way considered here. 7The acceleration due to gravity is also measured by an accelerometer, so in this problem we suppose that gravity can be neglected. That is, we restrict our discussion of the “twin paradox” to special relativity.

8To relate the direction of the acceleration to the directions of the three spatial axes of twin A, twin B should also carry three gyroscopes with him.

While the gyroscopes can maintain the directions of the three (coordinate) axes, they cannot necessarily maintain the direction of twin B [348].

a^μ_B a_{B,μ} = −α^2_B = −γ^4_B ( dv_B dτ_B

)_2 = − 1 (1 − v^2_B/c^2)^2 ( dv_B dτ_B

)_2

, (4)

where the component forms hold in the inertial frame of twin A. Taking the square root of eq. (4), and noting that α_B and d v_B/dτ_B have the same sign, we find dv_B/(1 − v^2_B/c^2)^2 = α_B dτ_B, and,^9

v_B c = tanh

(∫_{τ B} 0 dτ α_B c ) , γ_B = cosh

(∫_{τ B} 0 dτ α_B c ) , γ_B v_B c = sinh

(∫_{τ B} 0 dτ α_B c ) , (5)

supposing that twin B starts from rest at the origin at time t_B = τ_B = 0. Then, from eqs. (2) and (5) we have,^{10}

dx_B = γ_B v_B dτ_B, x_B(τ_B) = c

∫_{τ B} 0 dτ^′ sinh

(∫_{τ ′} 0 dτ α_B c ) , (6)

dt_B = γ_B dτ_B, t_B(τ_B) =

∫_{τ B} 0 dτ^′ cosh

(∫_{τ ′} 0 dτ α_B c ) . (7)

In particular, twin B can compute the time t_B(τ_B) that observers next to B (if they exist) in the inertial frame of A would find on their clocks (synchronized with A’s clock) when B’s clock reads τ_B. This computation, made with measurements taken only by twin B, complements that of eq. (1), which required measurements taken by a set of observers in the frame of twin A.^{11}

2.2.1 Moments When v_B = 0

There may be moments (events) during twin B’s trip when his velocity v_B is zero with respect to the inertial frame of twin A. Since twin B can compute the time t_B(τ_B) on the clock (if

9Our eq. (5) was deduced in [231].

10Our eqs. (6)-(7) were deduced in sec. III of [274]. Related discussions are in sec. 97 of [64], and in [130], where θ ≡

∫_{τ B} 0 dτ α_B/c.

11A simple illustration of twin B’s calculations is for the well-known case in which his trip is in a circle of radius r, at angular velocity ω, in the inertial frame of twin A. During this trip, twin A ages by 2π/ω, while twin B ages by only 2π/γ_B ω, where γ_B = 1/ √ 1 − ω^2r^2/c^2.

We suppose that twin B starts his trip at rest, next to twin A at the origin of twin A’s coordinate system, and “instantaneously” accelerates to velocity v_B = ωr x̂, after which he experiences an acceleration of constant magnitude ω^2r (in the inertial frame of twin A) in the x-y plane, always perpendicular to his velocity v_B (which remains constant in magnitude).

Then, twin B’s proper time interval is related by dτ_B = d t_B/γ_B, where v_B = |d x_B/d t_B| = ωr and γ_B = 1/ √ (1 − v^2_B/c^2). Further, during twin B’s trip,

dt_B = γ_B dτ_B, t_B(τ_B) =

∫_{τ B} 0 dτ^′γ_B = γτ_B . (8)

Thus, (accelerated) twin B infers from his accelerometer data that clocks next to him in the inertial frame of twin A read larger than his clock by the (constant) factor γ_B throughout his circular trip. We recall that if an observer in one inertial frame takes readings of the clocks in another inertial frame as they pass him by, those readings increase with time at a rate greater than his own clock.

This contrasts with the result of special relativity that an inertial observer always finds a clock in motion (with respect to that observer) has a slower rate than that of (synchronized) clocks in his own frame.

it existed) next to him in twin A’s inertial frame, he could also infer that twin A’s clock has this value (since for an observer at rest in twin A’s frame, as is twin B when v_B = 0, all clocks associated with that frame are synchronized).

Thus, twin B can compute the “age” of twin A (presuming that twin A has remained at rest) at those moments when he (twin B) is at rest with respect to twin A, whether or not the two twins are in the same place.

2.3 Use of Messages Broadcast by Twin B

Meanwhile, twin A knows nothing about the “age” of twin B, except at the moment when twin B returns and twin A can read twin B’s clock directly.

So, to help twin A, twin B broadcasts messages that contain his (proper) time τ_B at which the message was sent, as well as the results of his (rapid) calculations of x_B(τ_B), v_B(τ_B) and t_B(τ_B). Twin A receives these messages at times later than t_B(τ_B), but when he does receive a message, twin A considers that he now knows twin B’s “age” was τ_B at twin A’s time t_B(τ_B) as calculated by twin B.

Twin B’s message could be sent with an agreed carrier frequency ν_0 (from twin B’s perspective). Twin A would receive the message at carrier frequency ν_A, which depends on the velocity v_B(τ_B). For example, if twin B travels on a straight line at all time, ν_A = ν_0 √ ((1 − v_B/c)/(1 + v_B/c)). From a measurement of ν_A (which might be difficult if |v_B| /c is large), twin A could confirm twin B’s statement of v_B.

By the end of the trip, twin A has accumulated a complete record of the (proper) time τ_B(t_A) on twin B’s clock at time twin A’s time t_A, although he arrived at this knowledge only somewhat later than time t_A, with the time delay in his knowledge decreasing to zero at the end of the trip.

2.4 Use of Messages Broadcast by Twin A

Twin A also broadcasts messages, which consist only of the time t_A when the message was sent (and possibly a confirmation that he has remained at rest). When twin B receives these messages, they do not add to the knowledge already obtained from his own accelerometer.^{12}

2.5 In General, Twin B Does Not Know the “Age” of Twin A

Twin B knows the “age” of twin A only at the beginning and end of the trip, and those moments (if any) when twin B is at rest with respect to twin A (as per sec. 2.2.1 above).

Twin B could take the attitude that during the trip, since his calculation of t_B(τ_B) is the most he knows about twin A’s clock at time τ_B, this could be defined as the “age” of twin

12If twin A sent messages at the agreed carrier frequency ν_0 (now from twin A’s perspective), twin B would receive them at carrier frequency ν_B, which depends on his velocity v_B at the time of their receipt. For example, if twin B’s traveled on a straight line at all times, ν_B = ν_0 √ ((1 − v_B/c)/(1 + v_B/c)). From a measurement of ν_B, twin B could confirm his computation of v_B based on his accelerometer measurements.

In addition, by comparing the time interval dτ_B between receipt of two messages with the interval dt_A at which the messages stated they were sent, twin B could infer something about his velocity and acceleration with respect to twin A, but this is less effective than use of his accelerometer.

A: t_A(τ_B) ≡ t_B(τ_B). This convention agrees with the direct observation of twin A’s clock at the beginning and end of the trip, so there is no contradiction to use of this “age” based only on measurement by the two twins.^{13}

2.5.1 Twin B’s Trip Includes Frequent Stops

The discussion in sec. 2.2.1 above offers a kind of solution to the issue of distant simultaneity (“age” of a distant clock) for an accelerated observer such as twin B, provided the distant clock A is somehow known to remain in a single inertial frame at all times. Namely, the accelerated observer B brings himself to rest with respect to the distant clock in inertial frame A whenever he wants to know its “age”, which is then the value, eq. (7), of the time on the clock frame of A that is next to the accelerated observer B.

In principle, such “stops” could be very brief for the accelerated observer B, such that the result of the computation (7) is little different from that made just before a “stop”. Hence, the accelerated observer B could reasonably omit the (disruptive) “stops”, and simply assign the “age” of the distant clock (i.e., of twin A in the present example) as the value t_B(τ_B) he computes from his accelerometer data.

3 Comments

The suggestion in sec. 2.5 above is that twin B use computations based on measurements made by his accelerometer to interpret t_B(τ_B) of eq. (7) as the “age” of twin A at B’s time τ_B, even if twin B is not at rest with respect to twin A at that time.^{14} Other interpretations are possible, although problematic.

13For example, consider the classic version of the “twin paradox”, in which twin B quickly accelerates to velocity v along the x-axis, then travels distance D in the frame of twin A, quickly reverses velocity and returns to twin A, after elapse of total time 2D/v on the clock of twin A.

In this idealized scenario, the clock of twin B, according to twin A, always has rate slower than the clock of twin A by the factor 1/γ = √ (1 − v^2/c^2). Hence, the reading on twin B’s clock at the end of his trip is τ_B = t_A/γ = 2D/vγ.

Using the data from his accelerometer, twin B reconstructs the history of his trip according to observers in the inertial frame of twin A, and could make the interpretation of the “age” of twin A as, Age_A according to twin B = γ τ_B, (9)

at his (twin B’s proper) time τ_B.

Meanwhile, twin A receives messages from twin B, which explain how twin B’s trip is proceeding with respect to the inertial frame of twin A. These message tell the same story that twin A could learn from a set of synchronized observers in his inertial frame, so twin A is happy with this story. Thus, he accepts that the “age” of twin B is t_A/γ at his own time t_A, whether or not this was confirmed by other observers,

Age_B according to twin A = t_A γ . (10)

14There exist papers that try to downplay the relevance of acceleration to the “clock paradox”. Boughn [227] considered “twins” A and B that both accelerate along a straight at the same rate with respect to an inertial frame C, but start at different places along their common line at time t_A = t_B = t_C = 0. The twin accelerate for the same proper time until they each end up with the same velocity with respect to frame C. They are then in the same inertial frame, say D, but according to clocks in this frame, the twins arrived in this frame at different times, and therefore have different “ages”. If we note that according to observers

3.1 Twin B Does Not Start or End His Trip at Rest

Some people prefer a version of the “clock paradox” in which twin B is not required to start or end his trip at rest with respect to twin A.^{15} In such variants, it is also assumed that twin B has a known, nonzero velocity with respect to twin A at the moment he passes the by latter.^{16} They still agree to set their clocks to zero at this moment.

If the twins still base their considerations of each other’s “age” only on quantities that they can measure themselves, the story is not essentially different from that given in sec. 2 above. However, proponents of this scenario tend to suppose that the twin B has had a constant velocity for a long time prior to passing twin A, and that both of them have arranged for a set of synchronized observers in their respective inertial frames. This leads to claims, based on information from the auxiliary observers, that each twin thinks the other is “aging” more slowly at the moment they pass each other. In turn, this leads to various perplexities of the twins, as illustrated in the following secs. 3.2-3.

3.2 Use of Twin B’s Instantaneous, Comoving Inertial Frame

Once twin B has computed his velocity v_B(τ_B) and position x_B(τ_B) with respect to twin A’s inertial frame, he could also compute the time t_B(τ_B) of twin A’s clock (at both x_B and x_A = 0) according to (imagined) observers in twin B’s instantaneous, comoving inertial frame (in which quantities will be labeled with a superscript^⋆; whence, τ_B = t^⋆_B).

We again consider the classic case that twin B’s outbound trip involved rapid acceleration along the x-axis to velocity v, which then stayed constant until time t = D/v (in twin A’s frame).^{17} At time t < D/v, when twin B is at x_B = vt, his clock reads t^⋆_B = t/γ = t √ (1 − v^2/c^2). The clock in twin A’s inertial frame that is next to twin B reads t = γ t^⋆_B, as twin B can compute from his accelerometer data as well.

In addition, when twin B has not yet reversed his direction, he might use information from the synchronized observers in his inertial frame. The Lorentz transformation between twin A’s inertial frame and twin B’s instantaneous, comoving inertial frame tells us that the time on twin A’s clock is related by t^⋆_B = γ (t_A − v x_A/c^2) = γ t_A, according to the observer next to twin A in the comoving inertial frame of twin B (whose synchronized clock reads t^⋆_B). Then, twin B might suppose that twin A’s “age” is,

Age_A according to twin B = t^⋆_B γ (outbound trip), (11)

in inertial frame D, the two twin did not start their trips at the same times/“ages”, it is not surprising that their “ages” are different at the respective moments when they arrived in frame D. It is suggested that the reader learn from this that different accelerations are not required to lead to different “aging” (although there would be no different “aging” if there were no acceleration).

Gruber and Price [247] noted that if twin B underwent very large acceleration a for a very short time dt, and immediately experienced acceleration −a for time 2dt, followed by acceleration a again for time dt, he would be back at rest at his starting point after only infinitesimal time 4dt had elapsed, so his “aging” would be “negligible” despite the large acceleration. It was then suggested that the reader consider this to be an example of a “twin paradox” with acceleration but “no aging”.

15This version is perhaps closer to Einstein’s original discussion [4].

16If A and B were twins, they would no longer have the same “age” at the moment twin B passed twin A, as their prior histories would involve different accelerations.

17A version of this scenario may have first been given by Langevin (1911) [5].

which is very different from eq. (9) of the scenario in sec. 2.5, Age_A according to twin B = γ τ_B = γ t^⋆_B.^{18}

A famous difficulty with use of the twin B’s instantaneous, comoving frame is that its velocity reverses direction at time t = D/v, after which the relevant Lorentz transformation is, since the origin of the comoving frame for t^⋆_B > D/vγ was at x_A = 2D at time t_A = 0,

t^⋆_B = γ [t_A + v (x_A − 2D)/c^2] → γ [t_A − (2D/v)(v^2/c^2)], (12)

Age_A according to twin B = t_A = t^⋆_B γ + 2D v v^2 c^2

(inbound trip), (13)

for twin A at x_A = 0. These lead satisfactorily to t^⋆_B = 2D/vγ and t_A = 2D/v at the end of the trip. But, during the brief time when twin B reverses his velocity, at time t^⋆_B = D/vγ, this scenario implies that the “age” of twin A, according to twin B, jumps from D/vγ^2 to D/vγ^2 + (2D/v)(v^2/c^2) = 2D/v − D/vγ^2.^{19} This is also consistent with the “age” of twin A, according to twin B, being D/v (the average of D/vγ^2 and 2D/v − D/vγ^2) at the midpoint of twin B’s trip, at time t^⋆_B = D/vγ, when his velocity is momentarily equal to zero.

Discomfort with the abrupt jump in the supposed “age” of twin A according to twin B has led to consideration of many other prescriptions for computation by twin B of the “age” of the distant twin A.^{20} The prescription considered in sec. 2.5 above is in some sense the “smoothest” of the alternatives.

3.2.1 Analysis Based on Accelerometer Measurements

It may be useful to illustrate the computations described in sec. 2.2 above for this scenario.

Twin B undergoes rapid, initial acceleration α_B which quickly brings him to velocity v_B = v with respect to the inertial frame of twin A. Then, twin B experiences no further acceleration until time t^⋆_B = τ_B = D/vγ, at the end of the outbound portion of his trip. For times τ_B during the outbound portion after the brief initial acceleration, we have from eq. (5) that, ∫_{τ B} 0 dτ α_B c = tanh^{−1} (v c ) . (14)

18Use of eq. (11), based on observations of other observers in twin B’s instantaneous inertial frame, rather than on eq. (9), based only on measurements possible by twin B, makes more sense if one supposes that twin B will not accelerate. Instead, if twin B quickly decelerated to rest with respect to twin A, he would consider twin A’s “age” to be that given by eq. (9). Acceptance of eq. (11) implies acceptance that twin A would age very rapidly with respect to twin B during the brief deceleration of the latter.

19In a modified scenario (due to M. Fontenot), twin B accelerates from velocity v to v^′ > v when his clock reads t^⋆_B = D/γv, and reverses velocity only later. Then, just after this acceleration, twin B’s instantaneous, comoving inertial frame has Lorentz factor γ^′ = 1/ √ (1 − v^{′2}/c^2), and the relevant Lorentz transformation during the rest of the outbound trip is, since the origin of the (new) comoving frame was at x_A = D − D v^′/v at time t_A = 0: t^⋆_B = γ^′ [t_A −v^′ (x_A −D+Dv^′/v)/c^2] → γ^′ [t_A −D(1/v−1/v^′)(v^{′2}/c^2)]. According to observers in the comoving frame just after time t^⋆_B = D/γv, twin A’s clock read t_A = D/γv[1/γ^′ + γ(1 − v/v^′)(v^{′2}/c^2)], which is less than D/γv for large enough v^′. That is, twin A appears to become “instantaneously” younger just after the second acceleration of twin B, for large v^′.

20This jump was noted by Lange (1927), p. 24 of [23], as having bothered Bergson [20] (1922), a famous opponent of the theory of relativity.

From eqs. (6)-(7) we have,

x_B = c

∫_{τ B} 0 dτ^′ sinh

(∫_{τ ′} 0 dτ α_B c ) = c ∫_{τ B} 0 dτ^′ sinh [ tanh^{−1} (v c )] = c ∫_{τ B} 0 dτ^′γ v c = γ v τ_B,(15)

t_B =

∫_{τ B} 0 dτ^′ cosh

(∫_{τ ′} 0 dτ α_B c ) = ∫_{τ B} 0 dτ^′ cosh [ tanh^{−1} (v c )] = ∫_{τ B} 0 dτ^′γ = γ τ_B. (16)

At the end of the outbound trip, when τ_B = D/vγ, the computations (15)-(16) indicate that x_B = D and t_B = D/v, as expected.

If we continue these calculations for the brief additional time, starting at τ_B = D/vγ, when twin B’s velocity is reduced from v to zero with respect to twin A, the computations of x_B and t_B are essentially unchanged. Then, according to the discussion in sec. 2.2.1 above, twin B knows that the “age” of twin A is D/v at this moment (when twin B is a rest with respect to twin A), which result was noted above by a different argument.

3.3 Use of Marzke-Wheeler Coordinates

As an example of an alternative prescription, we consider use of the so-called Marzke-Wheeler coordinates [154].^{21} Of course, any consideration of spatial coordinates goes beyond what twins A and B could measure by themselves.

These coordinates, as related to the “clock paradox”, have been discussed in [253, 259]. For the idealized example of the “clock paradox” with accelerations only at the beginning,

21These coordinates are a generalization of earlier work by Milne, Whitrow, and Page [33, 36, 37, 38].

midpoint and end of twin B’s trip, the Marzke-Wheeler times t for twin A and t^⋆ for twin B are illustrated in the figure above (adapted from Fig. 4c of [253]), which is a kind of “Minkowski diagram” of twin A’s coordinates, also showing lines of constant t^⋆_B. The world lines of two light signals between twins A and B are shown with dashes.

In this convention, twin B considers that twin A “aged” slowly at the beginning and end of B’s trip, while twin A “aged” rapidly (but not “instantaneously” from twin B’s perspective) during the central portion of the trip. Still, it would seem somewhat arbitrary to twin B that twin A’s rate of “aging” made discontinuous jumps at his times t^⋆_B = (D/γv)(1 ± v/c), especially as at time t^⋆_B = (D/γv)(1 − v/c) twin B might not have yet decided to reverse his velocity at time t^⋆_B = D/γv.

3.4 Minguzzi’s Concept of “Differential Aging”

Minguzzi [274, 289] extended the computations that twin B could make based only on his own measurements, our sec. 2.2 above, with a calculation of a quantity he called the “age differential”, Δ = τ_X − τ_B. In this, τ_X is the reading (proper time) on the clock of an auxiliary observer X who also left twin A at time τ_A = τ_B = τ_X = 0 and then traveled directly, with constant velocity v_X (i.e., on a geodesic), arriving at time τ_X at the location of (accelerated) twin B at his proper time τ_B.^{22} A possible appeal of the concept of the “age differential” is that at the end of the trip its value is just the final “age” difference of the twins A and B (since twin A also serves as the final auxiliary observer).^{23} One could define the “age” of twin A, according to twin B, to be τ_B + Δ = τ_X = the “age” of the auxiliary observer, although this is inconsistent with the comment at the end of footnote 22, and Minguzzi did not advocate it.^{24}

It remains a difficulty for many that special relativity, a classical theory, does not have a unique answer to the apparently simple question as to what twin B thinks is the “age” of twin A during the trip.^{25} Instead, an interpretation is required, which affects the answer.

22If this scenario were to be implemented with actual observers, different such observers (called “imaginary twins” by Minguzzi) would be required for each time τ_B. Hence, direct measurement of Minguzzi’s “age differential” is not practical, but it is calculable by twin B based only on measurements by his accelerometer.

23For the scenario in which twin B accelerates (rapidly) only at the beginning, midpoint and end of his trip, the “age differential” is zero on the outbound trip. During the return trip, at time τ_B > D/γv, the time at the location of twin B (and the auxiliary observer X) in the frame of twin A is t_B = t_X = γτ_B, so twin B, and the auxiliary observer X, are at distance x_B = x_X = 2D − v t_X. The auxiliary observer traveled this distance in time t_X with velocity v_X = x_X/t_X < v. The auxiliary observer’s clock reads τ_X = t_X/γ_X = t_B/γ_X = t_B √ (1 − v^2_X/c^2) < t_B. The “age differential” now is Δ = τ_X − τ_B = t_B/γ_X − τ_B.

At the end of the trip, τ_A = t_B = τ_X, γ_X = 1 and Δ_{final} = τ_A − τ_B, in agreement with the usual analysis. At the midpoint of the trip, when τ_B = D/2vγ, twin B comes momentarily to rest with respect to twin A, and computes that twin A’s clock reads D/2v (as discussed at the end of sec. 3.1.1 above). The difference in “age” between twins A and B at this moment is (1 − 1/γ)D/2v, while the “age differential” Δ (at this moment) is zero. Thus, Minguzzi’s “age differential” Δ cannot, in general, be the difference in “ages” of twins A and B.

24The language of Minguzzi’s papers may lead some readers to infer this was his intent. 25Twin A, of course, knows his own age. The fact that twin B does not know this age does not imply that twin A has no age.

No observer in the classical Universe can know everything about this Universe.

References

[1] G. Atwood, A Treatise on the Rectilinear Motion and Rotation of Bodies; with a Description of Original Experiments Relative to the Subject (Cambridge U. Press, 1784),

http://kirkmcd.princeton.edu/examples/mechanics/atwood_84.pdf

[2] W. Voigt, Ueber das Doppler’sche Princip, Gött. Nachr. No. 2, 41 (1887),

http://kirkmcd.princeton.edu/examples/GR/voigt_gn_2_41_87.pdf
http://kirkmcd.princeton.edu/examples/GR/voigt_gn_2_41_87_english.pdf

[3] H. Poincaré, L’État Actuel et l’Avenir de la Physique Mathématique, Bull. Sci. Math.

28, 302 (1904), http://kirkmcd.princeton.edu/examples/GR/poincare_bsm_28_302_04.pdf The Principles of Mathematical Physics, Congr. Arts Sci. 604 (1905), p. 611,

http://kirkmcd.princeton.edu/examples/GR/poincare_cas_604_05.pdf

On p. 621, Poincaré speculated: Perhaps, we should construct a whole new mechanics, of which we only succeed in catching a glimpse, where inertia increasing with the velocity, the velocity of light would become an impassable limit.

[4] A. Einstein, Zur Elektrodynamik bewegter Körper, Ann. d. Phys. 17, 891 (1905),

http://kirkmcd.princeton.edu/examples/EM/einstein_ap_17_891_05.pdf
http://kirkmcd.princeton.edu/examples/EM/einstein_ap_17_891_05_english.pdf

On pp. 10-11 of the English translation, Einstein wrote: From this there ensues the following peculiar consequence. If at the points A and B of K there are stationary clocks which, viewed in the stationary system, are synchronous; and if the clock at A is moved with the velocity v along the line AB to B, then on its arrival at B the two clocks no longer synchronize, but the clock moved from A to B lags behind the other which has remained at B by tv^2/2c^2 (up to magnitudes of fourth and higher order), t being the time occupied in the journey from A to B.

It is at once apparent that this result still holds good if the clock moves from A to B in any polygonal line, and also when the points A and B coincide.

If we assume that the result proved for a polygonal line is also valid for a continuously curved line, we arrive at this result: If one of two synchronous clocks at A is moved in a closed curve with constant velocity until it returns to A, the journey lasting t seconds, then by the clock which has remained at rest the traveled clock on its arrival at A will be tv^2/2c^2 seconds slow. Thence we conclude that a balance-clock (not dependent on gravity) at the equator must go more slowly, by a very small amount, than a precisely similar clock situated at one of the poles under otherwise identical conditions.

[5] P. Langevin, L’Évolution de l’espace et du temps, Scientia 10, 31 (1911),

http://kirkmcd.princeton.edu/examples/GR/langevin_scientia_10_31_11.pdf
http://kirkmcd.princeton.edu/examples/GR/langevin_scientia_10_31_11_english.pdf

[6] A. Einstein, Die Relativitäts-Theorie, Viertel. Naturf. Gesell. Zürich 56, 1 (1911),

http://kirkmcd.princeton.edu/examples/GR/einstein_vngz_56_1_11.pdf

Translated from p. 12: If we placed a living organism in a box, and made it carry through the same to-and-fro motions as the clock formerly did, then one could arrange that this organism, after any arbitrary lengthy flight, could be returned to its original spot in a scarcely altered condition, while corresponding organisms which had remained in their original positions had already long since given way to new generations. For the moving organism the lengthy time of the journey was a mere instant, provided the motion took place with approximately the velocity of light.

[7] E. Wiechert, Relativitätsprinzip und Äther, Phys. Z. 12, 689, 737 (1911),

http://kirkmcd.princeton.edu/examples/GR/wiechert_pz_12_689_11.pdf

[8] M. Laue, Zwei Einwände gegen die Relativitätstheorie und ihre Widerlegung, Phys. Z.

13, 118 (1912), http://kirkmcd.princeton.edu/examples/GR/vonlaue_pz_13_118_12.pdf Two Objections Against the Theory of Relativity and their Refutation,

http://kirkmcd.princeton.edu/examples/GR/vonlaue_pz_13_118_12_english.pdf

[9] N. Campbell, Relativitätsprinzip und Äther. Eine Entgegnung an Herrn Wiechert, Phys.

Z. 13, 120 (1912), http://kirkmcd.princeton.edu/examples/GR/campbell_pz_13_120_12.pdf

[10] M. Laue, Das Relativitätsprinzip, (Braunschweig, 1913),

http://kirkmcd.princeton.edu/examples/GR/vonlaue_relativitat_13.pdf

Part III. The Theory of Relativity, Kinematic Part,

http://kirkmcd.princeton.edu/examples/GR/vonlaue_13_english.pdf

[11] E. Gehrcke, Die gegen die Relativitätstheorie erhobenen Einwände, Naturw. 1, 62 (1913), http://kirkmcd.princeton.edu/examples/GR/gehrcke_naturw_1_62_13.pdf

[12] M. Born, Zum Relativitätsprinzip: Entgegnung auf Herrn Gehrckes Artikel “Die gegen die Relativitätstheorie erhobenen Einwände”, Naturw. 1, 92 (1913),

http://kirkmcd.princeton.edu/examples/GR/born_naturw_1_92_13.pdf

[13] E. Gehrcke, Zuschriften an die Herausgeber. Einwände gegen die Relativitätstheorie, Naturw. 1, 170 (1913), http://kirkmcd.princeton.edu/examples/GR/gehrcke_naturw_1_170_13.pdf

[14] H.A. Lorentz, Das Relativitätsprinzip, (Teubner, 1914), pp. 31 and 47,

http://kirkmcd.princeton.edu/examples/GR/lorentz_14.pdf

[15] A. Einstein, Dialog über Einwände gegen die Relativitätstheorie, Naturw. 6, 697 (1918),

http://kirkmcd.princeton.edu/examples/GR/einstein_naturw_6_697_18.pdf
http://kirkmcd.princeton.edu/examples/GR/einstein_naturw_6_697_18_english.pdf

[16] E. Gehrcke, Berichtigung zum Dialog über die Relativitäts-Theorien, Naturw. 7, 147 (1919), http://kirkmcd.princeton.edu/examples/GR/gehrcke_naturw_7_147_19.pdf

[17] H. Weyl, Raum ·Zeit ·Materie (Springer, 1919),

http://kirkmcd.princeton.edu/examples/GR/weyl_rzm_19.pdf
http://kirkmcd.princeton.edu/examples/GR/weyl_stm.pdf

On p. 187 of the English translation: The life-processes of mankind may well be compared to a clock. Suppose we have two twin-brothers who take leave from one another at a world-point A, and suppose one remains at home (that is, permanently at rest in an allowable reference-space), whilst the other sets out on voyages, during which he moves with velocities (relative to “home”) that approximate to that of light. When the wanderer returns home in later years he will appear appreciably younger than the one who stayed at home.

[18] H. Thirring, Über das Uhrenparadoxon in der Relativitätstheorie, Naturw. 9, 209 (1921), http://kirkmcd.princeton.edu/examples/GR/thirring_naturw_9_209_21.pdf

[19] A. Kopff, The Mathematical Theory of Relativity (Dutton, 1922), p. 50,

http://kirkmcd.princeton.edu/examples/GR/kopff_22.pdf

[20] H. Bergson, Durée et Simultanéité a Propos de la Théorie D’Einstein, (Félix Alcan, 1922), http://kirkmcd.princeton.edu/examples/GR/bergson_22.pdf

[21] K. Bollert, Die Entstehung der Lorentzverkürzung und die strenge Behandlung des Uhrenparadoxons, Z. Phys. 12, 189 (1923),

http://kirkmcd.princeton.edu/examples/GR/bollert_zp_12_189_23.pdf

[22] A. Metz, Une définiton relativiste del la simulantéité, Compt. Rend. Acad. Sci. 180, 1827 (1925), http://kirkmcd.princeton.edu/examples/GR/metz_cras_180_1827_25.pdf

[23] L. Lange, The Clock Paradox in the theory of relativity, Am. Math, Mon. 34, 22 (1927),

http://kirkmcd.princeton.edu/examples/GR/lange_amm_34_22_27.pdf

[24] L. Lange, On a misconception of the relativity of time, Sch. Sci. Math. 27, 500 (1927),

http://kirkmcd.princeton.edu/examples/GR/lange_ssm_27_500_27.pdf

[25] H. Reichenbach, Philosophie der Raum-Zeit-Lehre (de Gruyter, 1928),

http://kirkmcd.princeton.edu/examples/GR/reichenbach_28_english.pdf

[26] A.S. Eddington, The Nature of the Physical World (Macmillan, 1928), pp. 38-39,

http://kirkmcd.princeton.edu/examples/GR/eddington_28.pdf

[27] A.O. Lovejoy, The Dialectical Argument Against Absolute Simultaneity, J. Phil. 27, 617, 645 (1930), http://kirkmcd.princeton.edu/examples/GR/lovejoy_jp_27_617_30.pdf

[28] A.O. Lovejoy, The Paradox of the Time-Retarding Journey, Phil. Rev. 40, 48, 152 (1931), http://kirkmcd.princeton.edu/examples/GR/lovejoy_pr_40_48_31.pdf

[29] E.B. McGilvary, The Paradox of the Time-Retarding Journey, Phil. Rev. 40, 358 (1931),

http://kirkmcd.princeton.edu/examples/GR/mcgilvary_pr_40_358_31.pdf

[30] A.O. Lovejoy, The Time-Retarding Journey: A Reply, Phil. Rev. 40, 549 (1931),

http://kirkmcd.princeton.edu/examples/GR/lovejoy_pr_40_549_31.pdf

[31] R.J. Kennedy and E.M. Thorndike, Experimental Establishment of the Relativity of Time, Phys. Rev. 42, 400 (1932), http://kirkmcd.princeton.edu/examples/GR/kennedy_pr_42_400_32.pdf

[32] C.H. Bickerdike, The Physical Interpretation of Relativity Mathematics, Phil. Mag. 45, 327 (1933), http://kirkmcd.princeton.edu/examples/GR/bickerdike_pm_45_327_33.pdf

[33] G.J. Whitrow, A Derivation of the Lorentz Formula, Quart. J. Math. 4, 327 (1933),

http://kirkmcd.princeton.edu/examples/GR/whitrow_qjm_4_161_33.pdf

[34] J.W. Campbell, The Clock Problem in Relativity, Phil. Mag. 15, 48 (1933),

http://kirkmcd.princeton.edu/examples/GR/campbell_pm_15_48_33.pdf

Phil. Mag. 16, 529 (1933),

http://kirkmcd.princeton.edu/examples/GR/campbell_pm_16_529_33.pdf

Phil. Mag. 19, 715 (1935),

http://kirkmcd.princeton.edu/examples/GR/campbell_pm_19_715_35.pdf

[35] R.C. Tolman, Relativity, Thermodynamics and Cosmology (Clarendon Press, 1934), p. 194, http://kirkmcd.princeton.edu/examples/GR/tolman_rtc.pdf

[36] E.A. Milne, Relativity Gravitation and World-Structure (Clarendon Press, 1935),

http://kirkmcd.princeton.edu/examples/GR/milne_35.pdf

[37] G.J. Whitrow, On Equivalent Observers, Quart. J. Math. 6, 249 (1935),

http://kirkmcd.princeton.edu/examples/GR/whitrow_qjm_6_249_35.pdf

[38] L. Page, A New Relativity I. Fundamental Principles and Transformations Between Accelerated Systems, Phys. Rev. 49, 254 (1936),

http://kirkmcd.princeton.edu/examples/GR/page_pr_49_254_36.pdf

[39] H.E. Ives, Light Signals on Moving Bodies as Measured by Transported Rods and Clocks, J. Opt. Soc. Am. 27, 263 (1937),

http://kirkmcd.princeton.edu/examples/GR/ives_josa_27_263_37.pdf

[40] H. Dingle, Modern Aristotelianism, Nature 139, 784 (1937),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_139_784_37.pdf

[41] H.E. Ives, The Aberration of Clocks and the Clock Paradox, J. Opt. Soc. Am. 27, 305 (1937), http://kirkmcd.princeton.edu/examples/GR/ives_josa_27_305_37.pdf

[42] H.E. Ives, Apparent Lengths and Times in Systems Experiencing the Fitzgerald-Larmor- Lorentz Contraction, J. Opt. Soc. Am. 27, 310 (1937),

http://kirkmcd.princeton.edu/examples/GR/ives_josa_27_310_37.pdf

[43] H.E. Ives and G.R. Stilwell, An Experimental Study of the Rate of a Moving Atomic Clock, J. Opt. Soc. Am. 28, 215 (1938),

http://kirkmcd.princeton.edu/examples/GR/ives_josa_28_215_38.pdf

[44] R.C. Jones, On The Relativistic Doppler Effect, J. Opt. Soc. Am. 29, 337 (1939),

http://kirkmcd.princeton.edu/examples/GR/jones_josa_29_337_39.pdf

[45] H. Dingle, The Relativity of Time, Nature 144, 888 (1939),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_144_888_57.pdf

[46] J.W. Campbell, The Nature of Time, Nature 145, 426 (1940),

http://kirkmcd.princeton.edu/examples/GR/campbell_nature_145_426_40.pdf

[47] H. Dingle, The Nature of Time, Nature 145, 427 (1940),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_145_427_40.pdf

[48] F.C. Powell, Relativity of Time, Nature 145, 626 (1940),

http://kirkmcd.princeton.edu/examples/GR/powell_nature_145_426_40.pdf

[49] H. Dingle, Relativity of Time, Nature 145, 626 (1940),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_145_626_40.pdf

[50] H. Dingle, The Rate of a Moving Clock, Nature 146, 391 (1940),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_146_391_40.pdf

[51] B. Rossi and D.B. Hall Variation of the Rate of Decay of Mesotrons with Momentum, Phys. Rev. 59, 223 (1941), http://kirkmcd.princeton.edu/examples/EP/rossi_pr_59_223_41.pdf

[52] H.E. Ives and G.R. Stilwell, An Experimental Study of the Rate of a Moving Atomic Clock. II, J. Opt. Soc. Am. 31, 369 (1941),

http://kirkmcd.princeton.edu/examples/GR/ives_josa_31_369_41.pdf

[53] P.S. Epstein, The Time Concept in Restricted Relativity, Am. J. Phys. 10, 1 (1942),

http://kirkmcd.princeton.edu/examples/GR/epstein_ajp_10_1_42.pdf

[54] H. Dingle, The Time Concept in Restricted Relativity, Am. J. Phys. 10, 203 (1942),

http://kirkmcd.princeton.edu/examples/GR/dingle_ajp_10_203_42.pdf

[55] P.S. Epstein, The Time Concept in Restricted Relativity—A Rejoinder, Am. J. Phys.

10, 205 (1942), http://kirkmcd.princeton.edu/examples/GR/epstein_ajp_10_205_42.pdf

[56] L. Infeld, Clocks, Rigid Rods and Relativity Theory, Am. J. Phys. 11, 219 (1943),

http://kirkmcd.princeton.edu/examples/GR/infeld_ajp_11_219_43.pdf

[57] H. Dingle, The Time Concept in Restricted Relativity, Am. J. Phys. 11, 228 (1942),

http://kirkmcd.princeton.edu/examples/GR/dingle_ajp_11_228_43.pdf

[58] C. Møller, On homogeneous gravitational fields in the general theory of relativity and the clock paradox, Det. Kgl. Dan. Vid. Sels. 20-19 (1943),

http://kirkmcd.princeton.edu/examples/GR/moller_dkdvs_20_19_43.pdf

[59] E.L. Hill, The Relativistic Clock Problem, Phys. Rev. 72, 236 (1947),

http://kirkmcd.princeton.edu/examples/GR/hill_pr_72_236_47.pdf

[60] H.E. Ives, Historical Note on the Rate of a Moving Atomic Clock, J. Opt. Soc. Am. 37, 810 (1947), http://kirkmcd.princeton.edu/examples/GR/ives_josa_37_810_47.pdf

[61] W.H. McCrea, The Clock Paradox in Relativity Theory, Nature 167, 680 (1951),

http://kirkmcd.princeton.edu/examples/GR/mccrea_nature_167_680_51.pdf

[62] H.E. Ives, The Clock Paradox in Relativity Theory, Nature 168, 246 (1951),

http://kirkmcd.princeton.edu/examples/GR/ives_nature_168_246_51.pdf

[63] F.I. Mikhail, The Relativistic Clock Problem, Proc. Camb. Phil. Soc. 48, 608 (1952),

http://kirkmcd.princeton.edu/examples/GR/mikhail_pcps_48_608_52.pdf

[64] C. Møller, The Theory of Relativity (Oxford U. Press, 1952), sec. 98,

http://kirkmcd.princeton.edu/examples/GR/moller_relativity_52.pdf

[65] R. Dugas, Sur les pseudo-paradoxes de la relativité restreinte, Comptes Rend. Acad.

Sci. 239, 49 (1954), http://kirkmcd.princeton.edu/examples/GR/dugas_cr_238_49_54.pdf

[66] A. Grünbaum, The Clock Paradox in the Special Theory of Relativity, Phil. Sci. 21, 249 (1954), http://kirkmcd.princeton.edu/examples/GR/gruenbaum_ps_21_249_54.pdf [67] H. Dingle, A Problem in Relativity Theory, Proc. Phys. Soc. London 69, 925 (1956),

http://kirkmcd.princeton.edu/examples/GR/dingle_ppsa_69_925_56.pdf

[68] H. Dingle, Relativity and Space Travel, Nature 177, 782 (1956),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_177_782_56.pdf

[69] W.H. McCrea, Relativity and Space Travel, Nature 177, 784 (1956),

http://kirkmcd.princeton.edu/examples/GR/mccrea_nature_177_784_56.pdf

[70] H. Dingle, Relativity and Space Travel, Nature 177, 785 (1956),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_177_785_56.pdf

[71] R.A. Fisher; W.H.F. McCrea, Space Travel and Ageing, Discovery 18, 56 (1957),

http://kirkmcd.princeton.edu/examples/GR/fisher_mccrea_discovery_18_56_57.pdf

[72] H. Dingle, Relativity and Space Travel, Nature 178, 680 (1956),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_178_680_76.pdf

[73] W.H. McCrea, Relativity and Space Travel, Nature 178, 681 (1956),

http://kirkmcd.princeton.edu/examples/GR/mccrea_nature_177_681_56.pdf

[74] A.D. Fokker, Accelerating spherical light wave clocks in chronogeometry, Physica 22, 1279 (1956), http://kirkmcd.princeton.edu/examples/GR/fokker_physica_22_1279_56.pdf [75] F.C. Crawford, Experimental Verification of the ‘Clock Paradox’ of Relativity, Nature 179, 35 (1957), http://kirkmcd.princeton.edu/examples/GR/crawford_nature_179_35_57.pdf [76] G. Builder, Resolution of the Clock Paradox, Austr. J. Phys. 10, 246 (1957),

http://kirkmcd.princeton.edu/examples/GR/builder_ajp_10_246_57.pdf

[77] H. Dingle, What Does Relativity Mean? Bull. Inst. Phys. 7, 314 (1956),

http://kirkmcd.princeton.edu/examples/GR/dingle_bip_7_314_56.pdf

[78] S.F. Singer, Relativity and Space Travel, Nature 179, 977 (1957),

http://kirkmcd.princeton.edu/examples/GR/singer_nature_179_977_57.pdf

[79] W. Cochran, A Suggested Experiment on the Clock Paradox, Proc. Camb. Phil. Soc.

53, 646 (1957), http://kirkmcd.princeton.edu/examples/GR/cochran_pcps_53_646_57.pdf [80] R.M. Frye and V.M. Brigham, Paradox of the Twins, Am. J. Phys. 25, 553 (1957),

http://kirkmcd.princeton.edu/examples/GR/frye_ajp_25_553_57.pdf

[81] W.H.F. McCrea, Relativistic Ageing, Nature 179, 909 (1957),

http://kirkmcd.princeton.edu/examples/GR/mccrea_nature_179_909_57.pdf

[82] W. Cochran, A Suggested Experiment on the ‘Clock Paradox’, Nature 179, 977 (1957),

http://kirkmcd.princeton.edu/examples/GR/cochran_nature_179_977_57.pdf

[83] G.R. Isaak, The Clock Paradox and the General Theory of Relativity, Austr. J. Phys.

10, 207 (1957), http://kirkmcd.princeton.edu/examples/GR/isaak_ajp_10_207_57.pdf

[84] H. Dingle, The Resolution of the Clock Paradox, Austr. J. Phys. 10, 418 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_ajp_10_418_57.pdf

[85] Lord Halsbury; H. Dingle; B. Weston; E. Hogben; R.A. Fisher; W.H. McCrea, Space Travel and Ageing, Discovery 18, 174 (1957),

http://kirkmcd.princeton.edu/examples/GR/halsbury_dingle_weston_hogben_fisher_mccrea_discovery_18_174_57.pdf

[86] H. Dingle, The ‘Clock Paradox’ of Relativity, Nature 179, 865 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_179_865_57.pdf

[87] F.C. Crawford, The ‘Clock Paradox’ of Relativity, Nature 179, 1071 (1957),

http://kirkmcd.princeton.edu/examples/GR/crawford_nature_179_1071_57.pdf

[88] H. Dingle; W.H. McCrea, Space Travel and Ageing, Discovery 18, 273 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_mccrea_discovery_18_573_57.pdf

[89] G. Builder, The ‘Clock Paradox’, Bull. Inst. Phys. 8, 210 (1957),

http://kirkmcd.princeton.edu/examples/GR/builder_bip_8_210_57.pdf

[90] H. Dingle, Prof. Dingle comments, Bull. Inst. Phys. 8, 212 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_bip_8_212_57.pdf

[91] H. Dingle, The ‘Clock Paradox’ of Relativity, Nature 179, 1242 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_179_1242_57.pdf

[92] G. Builder, The Clock-Retardation Problem, Austr. J. Phys. 10, 424 (1957),

http://kirkmcd.princeton.edu/examples/GR/builder_ajp_10_424_57.pdf

[93] E.M. McMillan, The “Clock Paradox” and Space Travel, Science 126, 381 (1957),

http://kirkmcd.princeton.edu/examples/GR/mcmillan_science_126_381_57.pdf

[94] J.H. Fremlin, Relativity and Space Travel, Nature 180, 499 (1957),

http://kirkmcd.princeton.edu/examples/GR/fremlin_nature_180_499_57.pdf

[95] H. Dingle, Relativity and Space Travel, Nature 180, 500 (1957),

http://kirkmcd.princeton.edu/examples/GR/fremlin_nature_180_500_57.pdf

[96] C.G. Darwin, The Clock Paradox in Relativity, Nature 180, 976 (1957),

http://kirkmcd.princeton.edu/examples/GR/darwin_nature_180_976_57.pdf

[97] J.D. Robinson and E. Feenberg, Time Dilation and Doppler Effect, Am. J. Phys. 25, 490 (1957), http://kirkmcd.princeton.edu/examples/GR/robinson_ajp_25_490_57.pdf

[98] M.J.E. Golay, Note on Relativistic Clock Experiments, Am. J. Phys. 25, 494 (1957),

http://kirkmcd.princeton.edu/examples/GR/golay_ajp_25_494_57.pdf

[99] L. Essen, The Clock Paradox of Relativity, Nature 180, 1061 (1957),

http://kirkmcd.princeton.edu/examples/GR/essen_nature_180_1061_57.pdf

[100] G. Builder, Ether and Relativity, Austr. J. Phys. 11, 279 (1958),

http://kirkmcd.princeton.edu/examples/GR/builder_ajp_11_279_58.pdf

[101] H. Bondi, The Space Traveller’s Youth, Discovery 18, 505 (1957),

http://kirkmcd.princeton.edu/examples/GR/bondi_discovery_18_505_57.pdf

[102] C.B. Goodhart, Biological Time, Discovery 18, 519 (1957),

http://kirkmcd.princeton.edu/examples/GR/goodhart_discovery_18_519_57.pdf

[103] H. Dingle, The Clock Paradox of Relativity, Nature 180, 1275 (1957),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_180_1275_57.pdf

[104] H. Dingle, Clock Paradox of Relativity, Science 127, 158 (1958),

http://kirkmcd.princeton.edu/examples/GR/dingle_science_127_158_58.pdf

[105] C.B. Leffert and T.M. Donahue, Clock Paradox and the Physics of Discontinuous Gravitational Fields, Am. J. Phys. 26, 515 (1958),

http://kirkmcd.princeton.edu/examples/GR/leffert_ajp_26_515_58.pdf

[106] H. Jeffreys, The Clock Paradox in Relativity, Austr. J. Phys. 11, 583 (1958),

http://kirkmcd.princeton.edu/examples/GR/jeffreys_ajp_11_583_58.pdf

[107] E.F. Fahy, The Clock Paradox in Relativity, Austr. J. Phys. 11, 586 (1958),

http://kirkmcd.princeton.edu/examples/GR/fahy_ajp_11_586_58.pdf

[108] G. Builder, The Resolution of the Clock Paradox, Phil. Sci. 26, 135 (1959),

http://kirkmcd.princeton.edu/examples/GR/builder_ps_26_135_59.pdf

[109] A. Nettleship, Contraction of Time and Protoplasm, Nature 181, 562 (1958),

http://kirkmcd.princeton.edu/examples/GR/nettleship_nature_181_562_58.pdf

[110] R.H. Romer, Twin Paradox in Special Relativity, Am. J. Phys. 27, 131 (1959),

http://kirkmcd.princeton.edu/examples/GR/romer_ajp_27_131_59.pdf

[111] A. Schild, The Clock Paradox in Relativity Theory, Am. Math. Mon. 66, 1 (1959),

http://kirkmcd.princeton.edu/examples/GR/schild_amm_66_1_59.pdf

[112] H. Dingle, The Interpretation of the Special Relativity Theory, Bull. Inst. Phys. 9, 314 (1958), http://kirkmcd.princeton.edu/examples/GR/dingle_bip_9_314_58.pdf

[113] R.H. Bacon, On the Paradox of the Twins, Am. J. Phys. 26, 502 (1958),

http://kirkmcd.princeton.edu/examples/GR/bacon_ajp_26_502_58.pdf

[114] A.D. Fokker, The Clock Paradox is So-Called Relativity Theory, Physica 24, 1119 (1958), http://kirkmcd.princeton.edu/examples/GR/fokker_physica_24_1119_58.pdf

[115] P. Rosen, The Clock Paradox and Thermodynamics, Phil. Sci. 26, 145 (1959),

http://kirkmcd.princeton.edu/examples/GR/rosen_ps_26_145_59.pdf

[116] E.G. Cullwick, The Riddle of Relativity, Bull. Inst. Phys. 10, 52 (1959),

http://kirkmcd.princeton.edu/examples/GR/cullwick_pb_10_52_59.pdf

[117] C.C. MacDuffee, The Clock Paradox, Science 129, 1359 (1959),

http://kirkmcd.princeton.edu/examples/GR/macduffee_science_129_1359_59.pdf

[118] G. Builder, Resolution of the Clock Paradox, Am. J. Phys. 27, 656 (1959),

http://kirkmcd.princeton.edu/examples/GR/builder_ajp_27_656_59.pdf

[119] E.G. Cullwick, Electromagnetism and Relativity, 2^{nd} ed. (Longmans, 1959), pp. xiv and 70-76, http://kirkmcd.princeton.edu/examples/EM/cullwick_em_rel.pdf

[120] E. Feenberg, Doppler Effect and Time Dilation, Am. J. Phys. 27, 190 (1959),

http://kirkmcd.princeton.edu/examples/GR/feenberg_ajp_27_190_59.pdf

[121] G.D. Scott, On Solutions to the Clock Paradox, Am. J. Phys. 27, 580 (1959),

http://kirkmcd.princeton.edu/examples/GR/scott_ajp_27_580_59.pdf

[122] J. Crampin, W.H. McCrea and D. McNally, A class of transformations in special relativity, Proc. Roy. Soc. London A 252, 156 (1959),

http://kirkmcd.princeton.edu/examples/GR/crampin_prsla_252_156_59.pdf

[123] J.R. Pierce, Relativity and Space Travel, Proc. IRE 47, 1053 (1959),

http://kirkmcd.princeton.edu/examples/GR/pierce_pire_47_1053_59.pdf

[124] M. Benton, The clock Problem (Clock Paradox) in Relativity, An Annotated Bibliography, U.S. Naval Research Laboratory, PB-151671 (1959),

http://kirkmcd.princeton.edu/examples/GR/benton_pb-151671_59.pdf

[125] W.F.G. Swann, Certain Matters in Relation to the Restricted Theory of Relativity, with Special Reference to the Clock Paradox and the Paradox of the Identical Twins. I. Fundamentals, Am. J. Phys. 28, 55 (1960),

http://kirkmcd.princeton.edu/examples/GR/swann_ajp_28_55_60.pdf

[126] W.F.G. Swann, Certain Matters in Relation to the Restricted Theory of Relativity, with Special Reference to the Clock Paradox and the Paradox of the Identical Twins. II. Discussion of the Problem of the Identical Twins, Am. J. Phys. 28, 319 (1960),

http://kirkmcd.princeton.edu/examples/GR/swann_ajp_28_319_60.pdf

[127] C.C. MacDuffee, Arc Lengths in Special Relativity, Proc. Camb. Phil. Soc. 56, 176 (1960), http://kirkmcd.princeton.edu/examples/GR/macduffee_pcps_56_176_60.pdf

[128] M.L. Boas, The Clock Paradox, Science 130, 1471 (1959),

http://kirkmcd.princeton.edu/examples/GR/boas_science_130_1471_59.pdf

[129] K.L. Kowalski, Relativistic Reaction Systems and the Asymmetry of Time Scales, Am.

J. Phys. 27, 487 (1959), http://kirkmcd.princeton.edu/examples/GR/kowalski_ajp_28_487_60.pdf

[130] T.C. Bradbury, Relativistic Theory of the Behavior of Clocks, Am. J. Phys. 28, 4434 (1960), http://kirkmcd.princeton.edu/examples/GR/bradbury_ajp_28_443_60.pdf

[131] J. Terrell, Relativistic Observations and the Clock Problem, Nuovo Cim. 16, 477 (1960), http://kirkmcd.princeton.edu/examples/GR/terrell_nc_16_477_60.pdf

[132] C.A. Hurst, Acceleration and the “Clock Paradox”, J. Austral. Math. Soc. 2, 120 (1960), http://kirkmcd.princeton.edu/examples/GR/hurst_jams_2_120_61.pdf

[133] H.L. Armstrong, Controversy Concerning Time Dilation, Am. J. Phys. 28, 504 (1960),

http://kirkmcd.princeton.edu/examples/GR/armstrong_ajp_28_504_60.pdf

[134] V. Hlavatý, Proper Time, Apparent Time, and Formal Time in the Twin Paradox, J.

Math. Mech. 9, 733 (1960), http://kirkmcd.princeton.edu/examples/GR/hlavaty_jmm_9_733_60.pdf

[135] C.W. Sherwin, Some Recent Experimental Tests of the “Clock Paradox”, Phys. Rev.

120, 17 (1960), http://kirkmcd.princeton.edu/examples/GR/sherwin_pr_120_17_60.pdf

[136] E. Kuronuma, A New Solution of the Clock Paradox, Prog. Theor. Phys. 25, 508 (1960), http://kirkmcd.princeton.edu/examples/GR/kuronuma_ptp_25_508_61.pdf

[137] G.A. Blass, On the “Clock Paradox” in Relativity Theory, Am. Math. Mon. 67, 754 (1960), http://kirkmcd.princeton.edu/examples/GR/blass_amm_67_754_60.pdf

[138] W. Cochran, The Clock Paradox, Vistas Astr. 3, 78 (1960),

http://kirkmcd.princeton.edu/examples/GR/cochran_va_3_78_60.pdf

[139] W. Davidson, Use of an Artificial Satellite to test the Clock ‘Paradox’ and General Relativity, Nature 188, 1013 (1960),

http://kirkmcd.princeton.edu/examples/GR/davidson_nature_188_1013_60.pdf

[140] H.L. Mandelberg and L. Witten, Experimental Verification of the Relativistic Doppler Effect, J. Opt. Soc. Am. 52, 529 (1962),

http://kirkmcd.princeton.edu/examples/GR/mandelberg_josa_52_529_62.pdf

[141] G. Holton, Resource Letter SRT 1 on Special Relativity Theory, Am. J. Phys. 30, 462 (1962), http://kirkmcd.princeton.edu/examples/GR/holton_ajp_30_462_62.pdf

[142] T. Fulton, F. Rohrlich and L. Witten, Physical Consequences of a Co-ordinate Transformation to a Uniformly Accelerating Frame, Nuovo Cim. 26, 652 (1962), sec. 3.3,

http://kirkmcd.princeton.edu/examples/GR/fulton_nc_26_652_62.pdf

[143] H. Bondi, Relativity and Common Sense (Illustrated London News, 1962; Heinemann, 1965), Chap. 12, http://kirkmcd.princeton.edu/examples/GR/bondi_62.pdf

[144] H. Dingle, Special Theory of Relativity, Nature 195, 985 (1962),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_195_985_62.pdf

[145] K.J.R. Wilkinson, An analysis of the clock paradox, J. Inst. Elec. Eng. 9, 10 (1963),

http://kirkmcd.princeton.edu/examples/GR/wilkinson_jiee_9_10_63.pdf

[146] H. Dingle, Special Theory of Relativity, Nature 197, 1248 (1963),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_197_1248_63.pdf

[147] E.S. Lowry, The Clock Paradox, Am. J. Phys. 31, 59 (1963),

http://kirkmcd.princeton.edu/examples/GR/lowry_ajp_31_59_63.pdf

[148] H. Lass, Accelerating Frames of Reference and the Clock Paradox, Am. J. Phys. 31, 274 (1963), http://kirkmcd.princeton.edu/examples/GR/lass_ajp_31_274_63.pdf

[149] E.G. Cullwick, The clock paradox, J. Inst. Elec. Eng. 9, 164 (1963),

http://kirkmcd.princeton.edu/examples/GR/cullwick_jiee_9_164_63.pdf

[150] M. Born, Special Theory of Relativity, Nature 197, 1287 (1963),

http://kirkmcd.princeton.edu/examples/GR/born_nature_197_1287_63.pdf

[151] H. Dingle, Special Theory of Relativity, Nature 197, 1287 (1963),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_197_1287_63.pdf

[152] J.E. Romain, Time Measurements in Accelerated Frames of Reference, Rev. Mod.

Phys. 35, 376 (1963), http://kirkmcd.princeton.edu/examples/GR/romain_rmp_35_376_63.pdf

[153] J.E. Romain, A Geometric Approach to Relativistic Paradoxes, Am. J. Phys. 31, 576 (1963), http://kirkmcd.princeton.edu/examples/GR/romain_ajp_31_576_63.pdf

[154] R.F. Marzke and J.A. Wheeler, Gravitation as Geometry – I: the geometry of spacetime and the geometrodynamical meter, in Gravitation and Relativity, H.-Y. Chiu and W.F. Hoffman, eds. (Benjamin, 1964), p. 40,

http://kirkmcd.princeton.edu/examples/GR/marzke_64.pdf

[155] R.H. Boyer, The Clock Paradox in General Relativity, Nuovo Cim. 33, 345 (1964),

http://kirkmcd.princeton.edu/examples/GR/boyer_nc_33_345_64.pdf

[156] A. Gamba, Time Dilation and Information Theory, Am. J. Phys. 33, 61 (1965),

http://kirkmcd.princeton.edu/examples/GR/gamba_ajp_33_61_65.pdf

[157] L.M. Marsh, Relativistic Accelerated Systems, Am. J. Phys. 33, 934 (1965),

http://kirkmcd.princeton.edu/examples/GR/marsh_ajp_33_934_65.pdf

[158] B. Ellis and P. Bowman, Conventionality in Distant Simultaneity, Phil. Sci. 34, 116 (1967), http://kirkmcd.princeton.edu/examples/GR/ellis_ps_34_116_67.pdf

[159] G.B. Brown, What is wrong with relativity? Bull. Inst. Phys. 18(3), 71 (1967),

http://kirkmcd.princeton.edu/examples/GR/brown_pb_18_71_67.pdf

Editor’s Comments, Bull. Inst. Phys. 19(1), 22 (1968),

http://kirkmcd.princeton.edu/examples/GR/bondi_pb_19_22_68.pdf

[160] L. Levi, The “Twin Paradox” Revisited, Am. J. Phys. 35, 968 (1967),

http://kirkmcd.princeton.edu/examples/GR/levi_ajp_35_968_67.pdf

[161] Editor, Don’t Bring Back the Ether, Nature 216, 113 (1967),

http://kirkmcd.princeton.edu/examples/GR/editor_nature_216_113_67.pdf

[162] H. Dingle, The Case Against Special Relativity, Nature 216, 119 (1967),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_216_119_67.pdf

[163] W.H. McCrea, Why the Special Theory of Relativity is Correct, Nature 216, 122 (1967), http://kirkmcd.princeton.edu/examples/GR/mccrea_nature_216_122_67.pdf

[164] J.H. Fullerton; W. Barnett, Special Relativity, Nature 216, 524 (1967),

http://kirkmcd.princeton.edu/examples/GR/barrett_nature_216_524_67.pdf

[165] F.J.M. Farley, J. Bailey and E. Picasso, Experimental Verifications of the Theory of Relativity, Nature 217, 17 (1968),

http://kirkmcd.princeton.edu/examples/GR/farley_nature_217_17_68.pdf

[166] L. Essen, The Error in the Special Theory of Relativity, Nature 217, 19 (1968),

http://kirkmcd.princeton.edu/examples/GR/essen_nature_217_19_68.pdf

[167] H. Dingle, The Case against the Special Theory of Relativity, Nature 217, 19 (1968),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_217_19_68.pdf

[168] H. Eisenlohr, Another Note on the Twin Paradox, Am. J. Phys. 36, 635 (1968),

http://kirkmcd.princeton.edu/examples/GR/eisenlohr_ajp_36_635_68.pdf

[169] N.D. Mermin, Space and Time in Special Relativity (McGraw-Hill, 1968),

http://kirkmcd.princeton.edu/examples/GR/mermin_68.pdf

[170] P.T. Landsberg, Special Theory of Relativity, Nature 220, 1182 (1968),

http://kirkmcd.princeton.edu/examples/GR/landsberg_nature_220_1182_68.pdf

[171] A. Grünbaum, Simultaneity by slow clock transport in the special theory of relativity, Phil. Sci. 36, 5 (1969), http://kirkmcd.princeton.edu/examples/GR/gruenbaum_ps_36_5_69.pdf

[172] W. Kantor, Propagation of Light, Spectr. Lett. 3, 355 (1970),

http://kirkmcd.princeton.edu/examples/GR/kantor_sl_3_355_70.pdf

[173] L. Marder, Time and the Space-Traveller (U. Penn. Press, 1971),

http://kirkmcd.princeton.edu/examples/GR/marder_71.pdf
http://kirkmcd.princeton.edu/examples/GR/marder_71_refs.pdf

[174] T.-Y. Wu and Y.C. Lee, The Clock Paradox in the Relativity Theory, Int. J. Theor.

Phys. 5, 307 (1972), http://kirkmcd.princeton.edu/examples/GR/wu_ijtp_5_307_72.pdf

[175] J.C. Hafele, Relativistic Time for Circumferential Navigation, Am. J. Phys. 40, 81 (1972), http://kirkmcd.princeton.edu/examples/GR/hafele_ajp_40_81_72.pdf

[176] M. Sachs, A resolution of the clock paradox, Phys. Today 24(9), 23 (1971),

http://kirkmcd.princeton.edu/examples/GR/sachs_pt_24-9_23_71.pdf

[177] R.A. Muller, The Twin Paradox in Special Relativity, Am. J. Phys. 40, 966 (1972),

http://kirkmcd.princeton.edu/examples/GR/muller_ajp_40_966_72.pdf

[178] D.M. Greenberger, The Reality of the Twin Paradox Effect, Am. J. Phys. 40, 750 (1972), http://kirkmcd.princeton.edu/examples/GR/greenberger_ajp_40_750_72.pdf

[179] B.A. Holstein and A.R.Swift, The Relativity Twins in Free Fall, Am. J. Phys. 40, 746 (1972), http://kirkmcd.princeton.edu/examples/GR/holstein_ajp_40_746_72.pdf

[180] J. Terrell et al., The clock “paradox”—majority view, Phys. Today 25(1), 9 (1972),

http://kirkmcd.princeton.edu/examples/GR/terrell_pt_25-1_9_72.pdf

[181] K.R. MacKenzie, Thomas Precession and the Clock Paradox, Am. J. Phys. 40, 1661 (1972), http://kirkmcd.princeton.edu/examples/GR/mackenzie_ajp_40_1661_72.pdf

[182] J.C. Hafele and R.E. Keating, Around-the-World Atomic Clocks: Observed Relativistic Time Gains, Science 177, 168 (1972),

http://kirkmcd.princeton.edu/examples/GR/hafele_science_177_168_72.pdf

[183] J. Ziman, Science in an Eccentric Mirror, Nature 241, 143 (1973),

http://kirkmcd.princeton.edu/examples/GR/ziman_nature_241_143_73.pdf

[184] W.S. Preddy, An explanation of the clock paradox, J. Phys. A 6, 615 (1973),

http://kirkmcd.princeton.edu/examples/GR/preddy_jpa_6_615_73.pdf

[185] J.W. Durso and H. W. Nicholson Jr, Non-Uniform Gravitational Fields and Clock Paradoxes, Am. J. Phys. 41, 1078 (1973),

http://kirkmcd.princeton.edu/examples/GR/durso_ajp_41_1078_73.pdf

[186] G.F.R. Ellis, Special Relativity Again, Nature 242, 143 (1973),

http://kirkmcd.princeton.edu/examples/GR/ellis_nature_242_143_73.pdf

[187] H. Dingle, Dingle’s Question, Nature 242, 423 (1973),

http://kirkmcd.princeton.edu/examples/GR/dingle_nature_242_423_73.pdf

[188] C.H. Brans and D.R. Stewart, Unaccelerated-Returning-Twin Paradox in Flat Space- Time, Phys. Rev. D 8, 1662 (1973),

http://kirkmcd.princeton.edu/examples/GR/brans_prd_8_1662_73.pdf

[189] F.L. Markley, Relativity Twins in the Kerr Metric, Am. J. Phys. 41, 1246 (1973),

http://kirkmcd.princeton.edu/examples/GR/markley_ajp_41_1246_73.pdf

[190] R. Jacob; M. Whippman; G.E. Stedman, Answers to Dingle’s Question, Nature 268, 301 (1977), http://kirkmcd.princeton.edu/examples/GR/fremlin_nature_244_27_73.pdf

[191] C. Giannoni, Special Relativity in Accelerated Systems, Phil. Sci. 40, 382 (1973),

http://kirkmcd.princeton.edu/examples/GR/giannoni_ps_40_382_73.pdf

[192] C. Giannoni, Discussion of Møller on the clock paradox, Am. J. Phys. 42, 806 (1974),

http://kirkmcd.princeton.edu/examples/GR/giannoni_ajp_42_806_74.pdf

[193] A. Chamorro, Comment on the paper: ‘An explanation of the clock paradox’, J. Phys.

A 7, L41 (1974), http://kirkmcd.princeton.edu/examples/GR/chamorro_jpa_7_L41_74.pdf

[194] D.E. Hall, Can local measurements resolve the twin paradox in a Kerr metric? Am. J.

Phys. 44, 1204 (1976), http://kirkmcd.princeton.edu/examples/GR/hall_ajp_44_1204_76.pdf

[195] G.V. Gordeyev, Criticism at Some Attempts to Find Logical Inconsistency in the Special Theory of Relativity, Phys. Lett. A 49, 400 (1974),

http://kirkmcd.princeton.edu/examples/GR/gordeyev_pl_49a_400_74.pdf

[196] M.S. Greenwood, Use of Doppler-shifted light beams to measure time during acceleration, Am. J. Phys. 44, 259 (1976),

http://kirkmcd.princeton.edu/examples/GR/greenwood_ajp_44_259_76.pdf

[197] R. Schlegel, A Lorentz-Invariant Clock, Found. Phys. 7, 245 (1977),

http://kirkmcd.princeton.edu/examples/GR/schlegel_fp_7_245_77.pdf

[198] R.H. Barron and P. Mazur, Some remarks on clock rates in special relativity, Am. J.

Phys. 44, 1200 (1976), http://kirkmcd.princeton.edu/examples/GR/barron_ajp_44_1200_76.pdf

[199] D. Malament, Causal Theories of Time and the Conventionality of Simultaneity, Noûs 11, 293 (1977), http://kirkmcd.princeton.edu/examples/GR/malament_nous_11_293_77.pdf

[200] J. Bailey et al., Measurements of relativistic time dilatation for positive and negative muons in a circular orbit, Nature 268, 301 (1977),

http://kirkmcd.princeton.edu/examples/GR/bailey_nature_268_301_77.pdf

[201] A. Chamorro, On the perception and measurement of the accelerated observer of the clock problem, Pramana 9, 357 (1977),

http://kirkmcd.princeton.edu/examples/GR/chamorro_pramana_9_357_77.pdf

[202] D. Hall, Intuition, time dilation, and the twin paradox, Phys. Teach. 16, 209 (1978),

http://kirkmcd.princeton.edu/examples/GR/hall_pt_16_209_78.pdf

[203] R. Perrin, The twin paradox: A complete treatment from the point of view of each twin, Am. J. Phys. 47, 317 (1979),

http://kirkmcd.princeton.edu/examples/GR/perrin_ajp_47_317_79.pdf

[204] L. Staunton and H. van Dam, Graphical introduction to the special theory of relativity, Am. J. Phys. 48, 807 (1980),

http://kirkmcd.princeton.edu/examples/GR/staunton_ajp_48_807_80.pdf

[205] J.H. Fremlin, The twin paradox—from the other side, Eur. J. Phys. 1, 59 (1980),

http://kirkmcd.princeton.edu/examples/GR/fremlin_ejp_1_59_80.pdf

[206] W.G. Unruh, Parallax distance, time, and the twin “paradox”, Am. J. Phys. 49, 589 (1981), http://kirkmcd.princeton.edu/examples/GR/unruh_ajp_49_589_81.pdf

[207] H. Dingle, The “twins” paradox of relativity, Wireless World 86(10), 54 (1980),

http://kirkmcd.princeton.edu/examples/GR/dingle_ww_86-10_54_80.pdf

[208] R.H. Good, Uniformly accelerated reference frame and twin paradox, Am. J. Phys. 50, 232 (1982), http://kirkmcd.princeton.edu/examples/GR/good_ajp_50_232_82.pdf

[209] P. Kroes, The clock paradox, or how to get rid of absolute time, Phil. Sci. 50, 159 (1983), http://kirkmcd.princeton.edu/examples/GR/kroes_ps_50_159_83.pdf

[210] C.F. Coleman, Simultaneity and retarded aging in special relativity, Eur. J. Phys. 4, 240 (1983), http://kirkmcd.princeton.edu/examples/GR/coleman_ejp_4_240_83.pdf

[211] I. McCausland, Problems in special relativity, Wireless World 89, 63 (1983),

http://kirkmcd.princeton.edu/examples/GR/mccausland_ww_89_63_83.pdf

[212] R.E. Apfel, Inferences from considering the twin paradox, Am. J. Phys. 53, 66 (1985),

http://kirkmcd.princeton.edu/examples/GR/apfel_ajp_53_66_85.pdf

[213] R.W. Brehme, Response to “The conventionality of synchronization”, Am. J. Phys.

53, 56 (1985), http://kirkmcd.princeton.edu/examples/GR/brehme_ajp_53_56_85.pdf

[214] D. Bohm and B.J. Hiley, Active interpretation of Lorentz “boosts” as s physical explanation of different time rates, Am. J. Phys. 53, 720 (1985),

http://kirkmcd.princeton.edu/examples/GR/bohm_ajp_53_720_85.pdf

[215] R. de Ritus and S. Guccione, Can Einstein’s Definition of Simultaneity Be Considered a Convention? Gen. Rel. Grav. 17, 595 (1985),

http://kirkmcd.princeton.edu/examples/GR/deritus_grg_17_595_85.pdf

[216] M. Sachs, On Einstein’s Later View of the Twin Paradox, Found. Phys. 15, 977 (1985),

http://kirkmcd.princeton.edu/examples/GR/sachs_fp_15_977_85.pdf

[217] Y. Shadmi, The twin paradox, Phys. Ed. 20, 33 (1985),

http://kirkmcd.princeton.edu/examples/GR/shadmi_pe_20_33_85.pdf

[218] E.A. Desloge and R.J. Philpott, Uniformly accelerated reference frames in special relativity, Am. J. Phys. 55, 252 (1987),

http://kirkmcd.princeton.edu/examples/GR/desloge_ajp_55_252_87.pdf

[219] W.A. Rodrigues, Jr, Lorentz-Invariant Clocks Do Not Exist, Lett. Nuovo Cim. 44, 510 (1985), http://kirkmcd.princeton.edu/examples/GR/rodrigues_lnc_44_510_85.pdf

[220] P.F. Broadfoot, The twin paradox, Phys. Ed. 20, 203 (1985),

http://kirkmcd.princeton.edu/examples/GR/broadfoot_pe_20_203_85.pdf

[221] P. Havas, Simultaneity, Conventialism, General Covariance, and the Special Theory of Relativity, Gen. Rel. Grav. 19, 435 (1987),

http://kirkmcd.princeton.edu/examples/GR/havas_grg_19_435_87.pdf

[222] G.P. Sastry, Is length contraction really paradoxical? Am. J. Phys. 55, 943 (1987),

http://kirkmcd.princeton.edu/examples/GR/sastry_ajp_55_943_87.pdf

[223] S.J. Prokhovnik, The Twin Paradoxes of Special Relativity: Their Resolution and Implications, Found. Phys. 19, 541 (1989),

http://kirkmcd.princeton.edu/examples/GR/prokhovnik_fp_19_541_89.pdf

[224] R.W. Brehme, On the physical reality of the isotropic speed of light, Am. J. Phys. 56, 811 (1988), http://kirkmcd.princeton.edu/examples/GR/brehme_ajp_56_811_88.pdf

[225] Ø. Grøn, A symmetrical version of the clock paradox, Eur. J. Phys. 9, 71 (1988),

http://kirkmcd.princeton.edu/examples/GR/gron_ejp_9_71_88.pdf

[226] W.A. Rodrigues, Jr and M.A.F. Rosa, The Meaning of Time in the Theory of Relativity and “Einstein’s Later View of the Twin Paradox”, Found. Phys. 19, 705 (1989),

http://kirkmcd.princeton.edu/examples/GR/rodrigues_fp_19_705_89.pdf

[227] S.P. Boughn, The case of identically accelerated twins, Am. J. Phys. 57, 791 (1989),

http://kirkmcd.princeton.edu/examples/GR/boughn_ajp_57_791_89.pdf

[228] R.J. Low, An acceleration-free version of the clock paradox, Eur. J. Phys. 11, 25 (1990), http://kirkmcd.princeton.edu/examples/GR/low_ejp_11_25_90.pdf

[229] E. Eriksen and Ø, Grøn, Relativistic dynamics in uniformly accelerated reference frames with application to the clock paradox, Eur. J. Phys. 11, 39 (1990),

http://kirkmcd.princeton.edu/examples/GR/eriksen_ejp_11_39_90.pdf

[230] A. Harpaz, The twins paradox and the principle of equivalence, Eur. J. Phys. 11, 82 (1990), http://kirkmcd.princeton.edu/examples/GR/harpaz_ejp_11_82_90.pdf

[231] W.D. Sears, How to beat time dilation in flat space, Am. J. Phys. 58, 1108 (1990),

http://kirkmcd.princeton.edu/examples/GR/sears_ajp_58_1108_90.pdf

[232] M. Sachs, Response to Rodrigues and Rosa on the Twin Paradox, Found. Phys. 19, 1525 (1989), http://kirkmcd.princeton.edu/examples/GR/sachs_fp_19_1525_89.pdf

[233] J.G. Cramer, The Twin Paradox Revisited, Analog (Mar. 1990),

http://kirkmcd.princeton.edu/examples/GR/cramer_analog_mar_90.pdf

[234] T. Dray, The twin paradox revisited, Am. J. Phys. 58, 822 (1990),

http://kirkmcd.princeton.edu/examples/GR/dray_ajp_58_822_90.pdf

[235] B. Mashoon, The Hypothesis of Locality in Relativistic Physics, Phys. Lett. A 145, 147 (1990), http://kirkmcd.princeton.edu/examples/GR/mashoon_pl_a145_147_90.pdf

[236] R.A. Coleman and H. Korte, An Empirical, Purely Spatial Criterion for the Planes of F-Simultaneity, Found. Phys. 21, 417 (1991),

http://kirkmcd.princeton.edu/examples/GR/coleman_fp_21_417_91.pdf

[237] R. Anderson and G.E. Stedman, Distance and the conventionality of simultaneity in special relativity, Found. Phys. Lett. 5, 199 (1992),

http://kirkmcd.princeton.edu/examples/GR/anderson_fpl_5_199_92.pdf

[238] H. Chang, A Misunderstood Rebellion: The Twin-Paradox Controversy and Herbert Dingle’s Vision of Science, Stud. Hist. Phil. Sci. 24, 741 (1993),

http://kirkmcd.princeton.edu/examples/GR/chang_shps_24_741_93.pdf

[239] M. Zangari, A New Twist in the Conventionality of Simultaneity Debate, Phil. Sci.

61, 267 (1994), http://kirkmcd.princeton.edu/examples/GR/zangari_ps_61_267_94.pdf

[240] T.A. Debs and M.L.G. Redhead, The twin paradox and the conventionality of simultaneity, Am. J. Phys. 64, 384 (1996),

http://kirkmcd.princeton.edu/examples/GR/debs_ajp_64_384_96.pdf

[241] R.J. Low, When Moving Clocks Run Fast, Eur. J. Phys. 16, 228 (1995),

http://kirkmcd.princeton.edu/examples/GR/low_ejp_16_228_95.pdf

[242] D. Gunn and I. Vetharaniam, Relativistic Quantum Mechanics and the Conventionality of Simultaneity, Phil. Sci. 62, 599 (1995),

http://kirkmcd.princeton.edu/examples/GR/gunn_ps_62_599_95.pdf

[243] F.V. Kowalski, Accelerating light clocks, Phys. Rev. A 53, 3761 (1996),

http://kirkmcd.princeton.edu/examples/GR/kowalski_pra_53_3761_96.pdf

[244] K.-P. Marzlin, What is the reference frame of an accelerated observer? Phys. Lett. A 215, 1 (1996), http://kirkmcd.princeton.edu/examples/GR/marzlin_pl_a215_1_96.pdf

[245] R. Anderson, I. Vetharaniam and G.E. Stedman, Conventionality of synchronisation, gauge dependence and test theories of relativity, Phys. Rep. 295, 93 (1998),

http://kirkmcd.princeton.edu/examples/GR/anderson_pr_295_93_98.pdf

[246] V. Karakostas, The Conventionality of Simultaneity in the Light of the Spinor Representation of the Lorentz Group, Stud. Hist. Phil. Mod. Phys. 28, 249 (1997),

http://kirkmcd.princeton.edu/examples/GR/karakostas_shpmp_28_249_97.pdf

[247] R.P. Gruber and R.H. Price, Zero time dilation in an accelerating rocket, Am. J. Phys.

65, 979 (1997), http://kirkmcd.princeton.edu/examples/GR/gruber_ajp_65_979_97.pdf

[248] M. Schön, Twin Paradox without One-Way Velocity Assumptions, Found. Phys. 28, 185 (1998), http://kirkmcd.princeton.edu/examples/GR/schoen_fp_28_185_98.pdf

[249] S. Sarkar and J. Stachel, Did Malament Prove the Non-Conventionality of Simultaneity in the Special Theory of Relativity? Phil. Sci. 66, 208 (1999),

http://kirkmcd.princeton.edu/examples/GR/sarkar_ps_66_208_99.pdf

[250] G.E. Sarty, The Twin Paradox? J. Roy. Astr. Soc. Can. 92, 938 (1998),

http://kirkmcd.princeton.edu/examples/GR/sarty_jrasc_92_938_98.pdf

[251] M.L. Fontenot, Accelerated Observers in Special Relativity, Phys. Essays 12, 629 (1999), http://kirkmcd.princeton.edu/examples/GR/fontenot_pe_12_629_99.pdf

[252] M.B. Cranor, E.M. Heider, and R.H. Price, A circular twin paradox, Am. J. Phys. 68, 1016 (2000), http://kirkmcd.princeton.edu/examples/GR/cranor_ajp_68_1016_00.pdf

[253] M. Pauri and M. Vallisneri, Märzke-Wheeler coordinates for accelerated observers in special relativity, Found. Phys. Lett. 13, 401 (2000),

http://kirkmcd.princeton.edu/examples/GR/pauri_fpl_13_401_00.pdf

[254] J.D. Barrow and J. Levin, Twin paradox in compact spaces, Phys. Rev. A 63, 044104 (2001), http://kirkmcd.princeton.edu/examples/GR/barrow_pra_63_044104_01.pdf

[255] R.S. Percival, Challenger to Einstein’s theory of time, Times Higher Ed. (Oct. 6, 2000),

http://kirkmcd.princeton.edu/examples/GR/percival_the_001006.pdf

[256] H. Nikolić, The role of acceleration and locality in the twin paradox, Found. Phys.

Lett. 13, 595 (2000), http://kirkmcd.princeton.edu/examples/GR/nikolic_fpl_13_595_00.pdf

[257] A.F. Kracklauer and P.T. Kracklauer, On the Twin Non-paradox (18 Dec. 2000),

https://arxiv.org/abs/physics/0012041

[258] M.M. Capria, On the Conventionality of Simultaneity in Special Relativity, Found.

Phys. Lett. 31, 775 (2001), http://kirkmcd.princeton.edu/examples/GR/capria_fpl_31_775_01.pdf

[259] C.E. Dolby and S.F. Gull, On radar time and the twin “paradox”, Am. J. Phys. 69, 1257 (2001), http://kirkmcd.princeton.edu/examples/GR/dolby_ajp_69_1257_01.pdf

https://arxiv.org/abs/gr-qc/0104077

[260] A.J. Mallinkrodt, The so-called “Twin Paradox” (online 2001),

https://www.cpp.edu/~ajm/materials/twinparadox.html
http://kirkmcd.princeton.edu/examples/GR/mallinkrodt_01.pdf

[261] E. Minguzzi, On the Conventionality of Simultaneity, Found. Phys. Lett. 15, 153 (2002), http://kirkmcd.princeton.edu/examples/GR/minguzzi_fp_15_153_02.pdf

[262] J.R. Weeks, The Twin Paradox in a Closed Universe, Am. Math. Mon. 108, 585 (2001),

http://kirkmcd.princeton.edu/examples/GR/weeks_amm_108_585_01.pdf

[263] D. Giulini, Uniqueness of Simultaneity, Brit. J. Phil. Sci. 52, 651 (2001),

http://kirkmcd.princeton.edu/examples/GR/giulini_bjps_52_651_01.pdf

[264] V.S. Soni, A simple solution of the twin paradox also shows anomalous behaviour of rigidly connected distant clocks, Eur. J. Phys. 23, 225 (2002),

http://kirkmcd.princeton.edu/examples/GR/soni_ejp_23_225_02.pdf

[265] J.-P. Uzan et al., The twin paradox and space topology, Eur. J. Phys. 23, 277 (2002),

http://kirkmcd.princeton.edu/examples/GR/uzan_ejp_23_277_02.pdf

[266] E. Sheldon, Relativistic twins or sextuplets? Eur. J. Phys. 24, 91 (2002),

http://kirkmcd.princeton.edu/examples/GR/sheldon_ejp_24_91_03.pdf

[267] R.C. Lasky, How does relativity theory resolve the twin paradox? Sci. Am. blog (Mar.

17, 2003), http://kirkmcd.princeton.edu/examples/GR/lasky_030317.pdf

[268] P. Pesic, Einstein and the twin paradox, Eur. J. Phys. 24, 585 (2003),

http://kirkmcd.princeton.edu/examples/GR/pesic_ejp_24_585_03.pdf

[269] H.C. Ohanian, The role of dynamics in the synchronization problem, Am. J. Phys. 72, 141 (2004), http://kirkmcd.princeton.edu/examples/GR/ohanian_ajp_72_141_04.pdf

[270] O. Wucknitz, Sagnac effect, twin paradox and space-time topology – Time and length in rotating systems and closed Minkowski space-times (29 March 2004),

https://arxiv.org/abs/gr-qc/0403111

[271] A.A. Martinez, Conventions and inertial reference frames, Am. J. Phys. 73, 452 (2005),

http://kirkmcd.princeton.edu/examples/GR/martinez_ajp_73_452_05.pdf

[272] L. Iorio, An analytical Treatment of the Clock Paradox in Framework of the Special and General Theories of Relativity, Found. Phys. Lett. 18, 1 (2005),

http://kirkmcd.princeton.edu/examples/GR/iorio_fpl_18_1_05.pdf

[273] A. Eagle, A note on Dolby and Gull on radar time and the twin “paradox”, Am. J.

Phys. 73, 976 (2005), http://kirkmcd.princeton.edu/examples/GR/eagle_ajp_73_976_05.pdf

[274] E. Minguzzi, Differential aging from acceleration: An explicit formula, Am. J. Phys.

73, 876 (2005), http://kirkmcd.princeton.edu/examples/GR/minguzzi_ajp_73_876_05.pdf

[275] The Twin Paradox, Redux, APS News 14(1) (2005),

https://www.aps.org/publications/apsnews/200501/einstein.cfm

[276] L. Iorio, On the clock paradox in the case of circular motion of the moving clock, Eur.

J. Phys. 26, 535 (2005), http://kirkmcd.princeton.edu/examples/GR/iorio_ejp_26_535_05.pdf

[277] D. Bini, L. Lusanna and B. Mashoon, Limitations of Radar Coordinates, Int. J. Mod.

Phys. D 14, 1413 (2005), http://kirkmcd.princeton.edu/examples/GR/bini_ijmpd_14_1413_05.pdf

[278] C.S. Unnikrishnan, On Einstein’s resolution of the twin clock paradox, Cur. Sci. 89, 2009 (2005), http://kirkmcd.princeton.edu/examples/GR/unnikrishnan_cs_89_2009_05.pdf

[279] C.M. Will, Special Relativity: A Centenary Perspective, Sem. Poincaré. 1, 79 (2005), sec. 3.5, http://kirkmcd.princeton.edu/examples/GR/will_sp_1_79_05.pdf

[280] P. Jones and L.F. Wanex, The Clock Paradox in a Static Homogeneous Gravitational Field, Found. Phys. Lett. 19, 75 (2006),

http://kirkmcd.princeton.edu/examples/GR/jones_fpl_19_75_06.pdf

[281] Ø. Grøn, The twin paradox in the theory of relativity, Eur. J. Phys. 27, 885 (2006),

http://kirkmcd.princeton.edu/examples/GR/gron_ejp_27_885_06.pdf

[282] R.C. Lasky, Time and the Twin Paradox, Sci. Am. blog (Feb. 1, 2006),

http://kirkmcd.princeton.edu/examples/GR/lasky_060201.pdf

[283] S, McCall, Philosophical Consequences of the Twins Paradox, in The Ontology of Spacetime, D. Dieks, Ed. (Springer, 2006), p. 191,

http://kirkmcd.princeton.edu/examples/GR/dieks_06.pdf

[284] H. Ben-Yami, Causality and Temporal Order in Special Relativity, Brit. J. Phil. Sci.

57, 459 (2006), http://kirkmcd.princeton.edu/examples/GR/ben-yami_bjps_57_459_06.pdf

[285] F.T. Falciano, Cinemática relativística: paradoxo dos gêmeos, Rev. Bras. Ens. Fis. 29, 19 (2007), http://kirkmcd.princeton.edu/examples/GR/falciano_rbef_29_19_07.pdf

[286] M. Kohler, Finding the Missing Time in the Instantaneous Turanaround Version of the Twin Paradox, Found. Phys. Lett. 19, 537 (2006),

http://kirkmcd.princeton.edu/examples/GR/kohler_fpl_19_537_06.pdf

[287] S.K. Ghosal, S. Nepal and D. Das, The Principle of Equivalence and the Twin Paradox, Found. Phys. Lett. 18, 603 (2005),

http://kirkmcd.princeton.edu/examples/GR/ghosal_fpl_18_603_05.pdf

[288] D.F. Styer, How do two moving clocks fall out of sync? A tale of trucks, threads, and twins, Am. J. Phys. 75, 805 (2007),

http://kirkmcd.princeton.edu/examples/GR/styer_ajp_75_805_07.pdf

[289] E. Minguzzi, Towards a closed differential aging formula in special relativity, J. Phys.

Conf. Ser. 66, 012020 (2007),

http://kirkmcd.princeton.edu/examples/GR/minguzzi_jpcs_66_012020_07.pdf

[290] M.A. Abramowicz, S. Bajtlik and W. Kluzniak, Twin paradox on the photon sphere, Phys. Rev. A 75, 044101 (2007),

http://kirkmcd.princeton.edu/examples/GR/abramowicz_pra_75_044101_07.pdf

[291] T. Müller, A. King, and D. Adis, A trip to the end of the universe and the twin “paradox”, Am. J. Phys. 76, 360 (2008),

http://kirkmcd.princeton.edu/examples/GR/mueller_ajp_76_360_08.pdf

[292] T. Grandou and J.L. Rubin, Twin Paradox and Causality (Dec. 2006),

https://arxiv.org/abs/0704.2736

[293] D. Alba and L. Lusanna, Generalized Radar 4-Coordinates and Equal-Time Cauchy Surfaces for Arbitrary Accelerated Observers, Int. J. Mod. Phys. D 16, 1149 (2007),

http://kirkmcd.princeton.edu/examples/GR/alba_ijmpd_16_1149_07.pdf

[294] S. Wortel, S. Malina and M.D. Semon, Two examples of circular motion for introductory courses in relativity, Am. J. Phys. 29, 73 (2008),

http://kirkmcd.princeton.edu/examples/GR/wortel_ajp_75_1123_07.pdf

[295] H. Ben-Yami, Apparent Simultaneity (Mar. 24, 2007),

http://kirkmcd.princeton.edu/examples/GR/ben-yami_070324.pdf

[296] T.E. Phipps, Jr, Twin Paradoxes, Apeiron 14, 300 (2007),

http://kirkmcd.princeton.edu/examples/GR/phipps_apeiron_14_300_07.pdf

[297] F.J. Flores, Communicating with accelerated observers in Minkowski spacetime, Eur.

J. Phys. 29, 73 (2008), http://kirkmcd.princeton.edu/examples/GR/flores_ejp_29_73_08.pdf

[298] I. McCausland, A Question of Relativity, Apeiron 15, 156 (2008),

http://kirkmcd.princeton.edu/examples/GR/mccausland_apeiron_15_156_08.pdf

[299] T. Grandou and J.L. Rubin, On the Ingredients of the Twin Paradox, Int. J. Theor.

Phys. 48, 101 (2009), http://kirkmcd.princeton.edu/examples/GR/grandou_ijtp_48_101_09.pdf

[300] B.F. Roukema and S. Bajtlik, Homotopy symmetry in the multiply connected twin paradox of special relativity, Mon. Not. Roy. Astr. Soc. 390, 655 (2008),

http://kirkmcd.princeton.edu/examples/GR/roukema_mnras_390_655_08.pdf

[301] J. Levy, Aether Theory Clock Retardation vs. Special Relativity Time Dilation, (Dec.

14, 2008), https://arxiv.org/abs/physics/0611077

[302] M.A. Abramowicz and S. Bajtlik, Adding to the paradox: the accelerated twin is older (14 May 2009), https://arxiv.org/abs/0905.2428

[303] A. Grünbaum, David Malament and the Conventionality of Simultaneity: A Reply, Found. Phys. 40, 1285 (2010),

http://kirkmcd.princeton.edu/examples/GR/gruenbaum_fp_40_1285_10.pdf

[304] J.-P. Luminet, Time, Topology and the Twin Paradox (Oct. 30, 2009),

https://arxiv.org/abs/0910.5847
http://kirkmcd.princeton.edu/examples/GR/luminet_ohpt_11.pdf

[305] S.E. Robbins, Special Relativity and Perception: The Singular Time of Psychology and Physics, J. Consc. Expl. Res. 1, 500 (2010),

http://kirkmcd.princeton.edu/examples/GR/robbins_jcer_1_500_10.pdf

[306] G. Székely, A Geometrical Characterization of the Twin Paradox and its Variants, Studia Logica 95, 161 (2010),

http://kirkmcd.princeton.edu/examples/GR/szekely_sl_95_161_10.pdf

[307] S. Cormier and R. Steinberg, The Twin Twin Paradox: Exploring Student Approaches to Understanding Relativistic Concepts, Phys. Teach. 48, 598 (2010),

http://kirkmcd.princeton.edu/examples/GR/cormier_pt_48_598_10.pdf

[308] P. Hayes, Popper’s response to Dingle on special relativity and the problem of the observer, Stud. Hist. Sci. Mod. Phys. 41, 354 (2010),

http://kirkmcd.princeton.edu/examples/GR/hayes_shpmp_41_354_10.pdf

[309] D. Ludwin, A Quantum Twin Paradox (9 Feb. 2011), https://arxiv.org/abs/1102.0016

[310] S. Boblest, T. Müller and G. Wunner, Twin paradox in de Sitter spacetime, Eur. J.

Phys. 32, 1117 (2011), http://kirkmcd.princeton.edu/examples/GR/boblest_ejp_32_1117_11.pdf

[311] A. Harpaz, Two Tests for the Equivalence Principles, Int. J. Mod. Phys. Conf. Ser. 3, 104 (2011), http://kirkmcd.princeton.edu/examples/GR/harpaz_ijmpcs_3_104_11.pdf

[312] Ø. Grøn and S. Bracek, The twin paradox in a cosmological context, Eur. Phys. J.

Plus 126, 79 (2011), http://kirkmcd.princeton.edu/examples/GR/gron_epjp_126_79_11.pdf

[313] H. Lichtenegger and L. Iorio, The twin paradox and Mach’s principle, Eur. Phys. J.

Plus 126, 129 (2011), http://kirkmcd.princeton.edu/examples/GR/lichtenegger_epjp_126_129_11.pdf

[314] L.M. Sokolowski, On the twin paradox in static spacetimes: I. Schwarzschild metric, Gen. Rel. Grav. 44, 1267 (2012),

http://kirkmcd.princeton.edu/examples/GR/sokolowski_grg_44_1267_12.pdf

[315] M. Mamone-Capria, Simultaneity as an Invariant Equivalence Relation, Found. Phys.

42, 1365 (2012), http://kirkmcd.princeton.edu/examples/GR/mamone_fp_42_1365_12.pdf

[316] M. Carvalho, A treatment of the twin paradox based on the assumption of an instantaneous acceleration, Can. J. Phys. 90, 925 (2012),

http://kirkmcd.princeton.edu/examples/GR/carvalho_cjp_90_925_12.pdf

[317] G. Weinstein, Einstein’s Clocks and Langevin’s Twins (4 May 2012),

https://arxiv.org/abs/1205.0922

[318] V. Natarajan, The twin paradox in relativity revisited (4 July 2012),

https://arxiv.org/abs/1204.5651

[319] P. Freeman, The Twin Paradox (July 2012),

http://kirkmcd.princeton.edu/examples/GR/freeman_12.pptx

[320] Ø. Grøn, The twin paradox and the principle of relativity, Phys. Scr. 87, 035004 (2013),

http://kirkmcd.princeton.edu/examples/GR/gron_ps_87_035004_13.pdf

[321] L. Benguigui, A tale of two twins (18 Dec. 2012), https://arxiv.org/abs/1212.4414

[322] G. Belot, Time in Classical and Relativistic Physics, in A Companion to the Philosophy of Time, A. Bardon and H. Dyke, eds. (Blackwell, 2013), p. 185,

http://kirkmcd.princeton.edu/examples/GR/belot_cpt_185_13.pdf

[323] T.E. Phipps, Jr, A Different Resolution of the Twin Paradox, Apeiron 20, 1 (2013),

http://kirkmcd.princeton.edu/examples/GR/phipps_apeiron_20_1_13.pdf

[324] J. Lindkvist et al., Twin paradox with macroscopic clocks in superconducting circuits, Phys. Rev. A 90, 053113 (2014),

http://kirkmcd.princeton.edu/examples/GR/lindkvist_pra_90_053113_14.pdf

[325] R. Suleiman, The traveling twins paradox and special relativity, Phys. Essays 29, 179 (2016), http://kirkmcd.princeton.edu/examples/GR/suleiman_pe_29_179_16.pdf

[326] R. Suleiman, Information relativity theory solves the twin paradox symmetrically, Phys. Essays 29, 304 (2016),

http://kirkmcd.princeton.edu/examples/GR/suleiman_pe_29_304_14.pdf

[327] D. Lincoln, The twin paradox, Symmetry (May 7, 2014),

https://www.symmetrymagazine.org/article/may-2014/the-twin-paradox
http://kirkmcd.princeton.edu/examples/GR/lincoln_sym_140507.pdf

[328] R.L. Shuler Jr, The Twins Clock Paradox History and Perspectives, J. Mod. Phys. 5, 1062 (2014), http://kirkmcd.princeton.edu/examples/GR/schuler_jmp_5_1062_14.pdf

[329] J.M. Lévy-Leblond, Two new variations on the twins pseudoparadox, Eur. J. Phys.

36, 065023 (2015), http://kirkmcd.princeton.edu/examples/GR/levy-leblond_ejp_36_065023_15.pdf

[330] G. Lichfield, The Twin Paradox, Astronaut Edition, Atlantic (Mar. 27, 2015),

https://www.theatlantic.com/technology/archive/2015/03/the-twin-paradox-astronaut-edition/388868/

http://kirkmcd.princeton.edu/examples/GR/lichfield_atlantic_150327.pdf

[331] D. Michel, Prediction of a new result for the “twin paradox” experiment, consistent with the time-energy relationship (Aug. 317, 2015),

https://hal.archives-ouvertes.fr/hal-01182589v2/

[332] M.L. Ricard How to Understand the Twin Paradox, Adv. Sci. Hum. 1, 55 (2015),

http://kirkmcd.princeton.edu/examples/GR/ricard_ash_1_55_15.pdf

[333] T.W. Murphy, Jr, Confronting Twin Paradox Acceleration, Phys. Teach. 54, 272 (2016), http://kirkmcd.princeton.edu/examples/GR/murphy_pt_54_272_16.pdf

[334] P.A. Bushev et al., Single electron relativistic clock interferometer, New J. Phys. 18, 093050 (2016), http://kirkmcd.princeton.edu/examples/GR/bushev_njp_18_093050_16.pdf

[335] K.K.H. Fung et al., A computational approach to the twin paradox in curved spacetime, Eur. J. Phys. 37, 055602 (2016),

http://kirkmcd.princeton.edu/examples/GR/fung_ejp_37_055602_16.pdf

[336] A. Adbelesselam, On the Clock Paradox, Eur. Sci. J. 12, 130 (2016),

http://kirkmcd.princeton.edu/examples/GR/abdesselam_esj_12_130_16.pdf

[337] D.A. de Wolf, Aging and communication in the twin paradox, Eur. J. Phys. 37, 065604 (2016), http://kirkmcd.princeton.edu/examples/GR/dewolf_ejp_37_065604_16.pdf

[338] A. Thompson, How Time Dilation Explains the “Twin Paradox”, Pop. Sci. (Aug. 26, 2016), https://www.popularmechanics.com/science/a22574/time-dilation-twin-paradox/

http://kirkmcd.princeton.edu/examples/GR/thompson_160826.pdf

[339] J.D. Franson, Quantum-mechanical twin paradox, New J. Phys. 18, 101001 (2016),

http://kirkmcd.princeton.edu/examples/GR/franson_njp_18_101001_16.pdf

[340] K. Suto, A New Problem with the Twin Paradox, Appl. Phys. Res. 9, 77 (2017),

http://kirkmcd.princeton.edu/examples/GR/suto_apr_9_77_17.pdf

[341] K. Suto, The Problem of the Twin Paradox Elucidated Based on a Thought Experiment Carried out by Discriminating Between a Classically Stationary Frame and Moving Frame, J. Phys. Math. 9, 278 (2018),

http://kirkmcd.princeton.edu/examples/GR/suto_jpm_9_278_18.pdf

[342] R. Pierini, K. Turzyński and A. Dragan, Can a charged decaying particle serve as an ideal clock in the presence of a magnetic field? Phys. Rev. D 97, 045006 (2018),

http://kirkmcd.princeton.edu/examples/GR/pierini_prd_97_045006_18.pdf

[343] A. Janis, Conventionality of Simultaneity (July 21, 2018),

https://plato.stanford.edu/entries/spacetime-convensimul/

[344] A. Reichenberger, The Clock Paradox: Luise Lange’s Discussion, in Philosophy of Science, A. Christian et al., eds. (Springer, 2018),

http://kirkmcd.princeton.edu/examples/GR/reichenberger_ps_55_18.pdf

[345] J. Gamboa et al., The “twin paradox”: the role of acceleration, Can. J. Phys. 97, 1049 (2019), http://kirkmcd.princeton.edu/examples/GR/gamboa_cjp_97_1049_19.pdf

[346] M.J. Shah, Special Relativity: Resolving the Twin Paradox while Proving the Traveling Twin Cannot be Younger, Int. J. Theor. Math. Phys. 9, 55 (2019),

http://kirkmcd.princeton.edu/examples/GR/shah_ijtmp_9_55_19.pdf

[347] C. Lee, Simultaneity in cylindrical spacetime, Am. J. Phys. 88, 131 (2020),

http://kirkmcd.princeton.edu/examples/GR/lee_ajp_88_131_20.pdf

[348] P. Müller, A. Sack, and T. Pöschel, Misconceptions about gyroscopic stabilization, Am.

J. Phys. 88, 175 (2020), http://kirkmcd.princeton.edu/examples/mechanics/mueller_ajp_88_175_20.pdf

[349] G. Coddens, What is the reason for the asymmetry between the twins in the twin paradox? Eur. Phys. J. Plus 135, 152 (2020),

http://kirkmcd.princeton.edu/examples/GR/coddens_epjp_135_152_20.pdf

[350] M. Berrada, J.A.H. Littleton and R.A. Secco, Smartphones and Gravitational Acceleration, Phys. Teach. 58, 470 (2020),

http://kirkmcd.princeton.edu/examples/GR/berrada_pt_58_470_20.pdf

[351] A. Alizzi, A. Sen and Z.K. Silagadze, Do moving clocks slow down? Eur. J. Phys. 43, 065601 (2022). http://kirkmcd.princeton.edu/examples/GR/alizzi_ejp_43_065601_22.pdf