McClymer’s Electromagnetic Spaceship

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (February 23, 2019; updated March 4, 2019)

1 Problem

McClymer has recently claimed [1] that the apparatus sketched below constitutes a “bootstrap spaceship” with a “reactionless drive”. A laser pulse emitted at the left end of an isolated, “rigid” box/platform (of length L) passes through a “rigid” block of (dispersionless) glass (of length l and index of refraction n) which is “rigidly” attached to the box, and is absorbed at the right end of the box. Supposedly, the center of mass of the system at the end of this process is different from its initial location (in the inertial lab frame).

Can this be so?

2 Solution

If the claim were true, it would be a violation of the “center-of-energy theorem”, that the center of mass/energy of an isolation system remains at rest if initially at rest. See, for example, sec. 1.1 and Appendix A of [2].

The present example is part of the larger issue that electromagnetic fields can exert a force on a charged particle, but a charged particle does not exert a force on the field, such that a “bootstrap” electromagnetic spaceship might seem possible.

The general resolution of such issues is that the electromagnetic field carries momentum (and energy and angular momentum), and that a careful accounting of the field momentum as well as of the “mechanical” momentum provides consistency with the center-of-energy theorem, i.e., no “bootstrap spaceships.”^1

In examples like the present in which electromagnetic waves propagate inside a medium, an additional complication is that people often use the “electromagnetic” fields D = E+4πP and H = B − 4πM, in Gaussian units, where P and M are the (macroscopic) densities of electric and magnetic dipole moments, which are “mechanical” entities. That is, D and H would better be called “electromechanical” fields, and the name “electromagnetic” fields be

1Discussions by the author of possible and impossible electromagnetic spaceships include [3]-[12].

reserved for E and B. In particular, the density of electromagnetic field momentum should be considered as,

p_{EM} =

E × B 4πc , (1)

where c is the speed of light in vacuum, while the so-called Abraham [13] and Minkowski [14] momentum densities,

p^{(A)} =

E × H 4πc , and p^{(M)} =

D × B 4πc , (2)

describe electromechanical momenta, leading to confusion when trying to separate momenta into “electromagnetic” and “mechanical” components.^2

McClymer’s analysis [1] is based on use of the Minkowski momentum for the wave inside the glass block, which (assuming no reflection as the wave enters the block) is larger than the wave momentum in vacuum by a factor of the relative permittivity ϵ_{rel}, leading to his inference that the glass block, if otherwise isolated, would move opposite to the direction of the wave. However, it has been generally consider since an argument of Balazs in 1953 [16] that the Abraham, rather than the Minkowski, momentum is relevant to considerations of the bulk momentum of the medium that supports the wave.

Since that time, considerations in quantum optics have identified a role for the Minkowski momentum in experiments where quantities other than bulk velocities are measured. In particular, the so-called “photon drag effect” [17, 18] on charge carriers in the conduction band of a semiconductor is associated with the Minkowski momentum [19, 20, 21]. Nonetheless, a recent paper [22] claimed that the Minkowski, not the Abraham, momentum is the one to be used when considering the bulk velocity, apparently based on the spurious view that the rest mass of all photons must be zero (in contrast to the usual view that (“kinetic”) photons of angular frequency ω inside a medium of index n have rest mass m = √ (ℏω)^2 − (ℏω/c n)^2c^2/c^2 = ℏω √ n^2 − 1/nc^2).^3 This misunderstanding is repeated in [1], and leads to the claim there that the center-of-energy theorem is incorrect.

2.1 The Nonexistence of “Rigid” Objects

McClymer’s spaceship invokes a “rigid” platform/box, and a “rigid” glass block, both of which are supposed to start moving instantaneously as a whole after emission or absorption of a laser pulse at one of their ends. This is impossible, as it implies infinite speed of sound in these objects. While the context of this device is unphysical, it is entertaining to see to what extent its behavior could be, within the doubtful premise of “rigid” objects..

The rest of sec. 2 of this note is largely equivalent to the analysis in [16], but without use of either the Abraham or Minkowski momenta. It is desirable to be able to neglect reflections of waves at interfaces, which we arrange by considering only indices n slightly greater than unity (rather than invoking idealized antireflection coatings as in most of the quantum-optics literature).

2A bibliography of the Abraham-Minkowski debate, including large numbers of papers that claim to have resolved this “perpetual problem”, is at [15].

3For another example of a misuse of the Minkowski momentum, see [23].

2.2 Analysis without the Glass Block

The discussion below of McClymer’s example builds on an argument due to Einstein [24], with which he first deduced that E = mc^2.^4 Here, we follow sec. 27-6 of [31].

A laser pulse of energy U and spatial length small compared to length L of an isolated, “rigid” box is emitted (into vacuum) at time t = 0 from the left end, defined to be at x = 0, of the box, initially at rest in the inertial lab frame, and later absorbed at its right end. While the pulse is in motion, in the positive x-direction, the mass of the box is M (i.e., the initial mass/energy of the system was M^′ = M + U/c^2).^5

The initial center of mass of the system, x_{cm,i}, is related by,

M^′x_{cm,i} = U c^2

0 + M L 2 = ML 2 . (3)

The laser pulse (in vacuum) of energy U carries momentum U x̂/c, so the box recoils to the left^6 with equal and opposite momentum, and moves with speed, V = U Mc . (4)

When the laser pulse is absorbed at the right end of the box at time T , the box has moved to the left by distance D = V T , and the pulse has moved to the right by distance L − D. That is, T = L − D c , D = V T = UL Mc^2 − UD Mc^2

, D = UL Mc^2 + U = UL M^′c^2

. (5)

The final center of mass of the system, x_{cm,f} , is related by,

M^′x_{cm,f} = U c^2

(L − D) + M ( L 2 − D ) = UL c^2 ( 1 − U Mc^2 + U ) + ML 2 − MUL Mc^2 + U = ML 2 , (6)

in agreement with the initial position, x_{cm,i} of eq. (3), of the center of mass of the system (which, of course, was the premise of Einstein’s original argument).

2.3 Analysis with the Glass Block Unattached to the Box

Turning at last to McClymer’s example, we suppose that the glass block is at the center of the box and has length l < L, while the laser pulse has spatial length small compared to l. However, it is simpler to suppose that the glass block is not attached to the (isolated) box,

4Einstein was aware of conceptual weaknesses in his original argument, and made many revisions thereof [25]-[28], as reviewed, for example, in [29, 30].

5This neglects the “relativistic” mass of the moving box, as this differs from the rest mass of the box by a (tiny) term of order V^2/c^2 ∝ 1/c^4.

We also ignore the tiny Lorentz contraction of the box while in most with respect to the lab frame. 6Note also that Maxwell stress tensor of the laser pulse is diagonal, with negative T_{xx} (= −(E^2_⊥ + B^2_⊥)/8π = −E^2_⊥/4π), which indicates that the force, F_x = ∫ T_{xx}n̂_x dArea of the laser pulse on the left end of the box (where n̂ = x̂) is in the negative-x direction when it is emitted, and in the positive-x direction when it is later absorbed at the right end of the box (where n̂ = −x̂).

but is free to move inside the box (unless it encounters a wall of the box).^7 In sec. 2.4 below we consider the case of a glass block attached to the box.

Again, the laser pulse of energy U is emitted at time t = 0 from the left end of the box, and again the box recoils to the left with momentum −(U/c) x̂, and speed V to the left given by eq. (4). The mass of the box when the laser pulse is in flight is again M, and we denote the mass of the glass block by m.^8 The total mass of the system is M^′ = M + m + U/c^2, and the initial location x_{cm,i} of its center of mass is related by,

M^′x_{cm,i} = U c^2

0 + (M + m) L 2 = (M + m)L 2 . (7)

2.3.1 The Approximation of No Reflected Wave

When the pulse enters the glass block (from vacuum) it is partly transmitted and partly reflected, which latter complicates the analysis. To simplify things, we will use the results for an electromagnetic wave crossing an interface that is at rest,^9 ignoring the tiny velocity of the glass in the lab frame in this regard. We also suppose that the relative permeability of the glass is unity μ_{rel} = 1,^{10} and that the index of refraction is only slightly larger than 1, i.e., n = 1 + α with α ≪ 1. Then, the reflected Poynting vector has magnitude (n − 1)^2/(n + 1)^2 times that of the incident wave, which is negligible for small α. We restrict further discussion to this case, in which essentially all of the energy U of the laser pulse is transmitted into the electromagnetic wave inside the glass.^{11}

2.3.2 Momentum and Energy of the Electromagnetic Wave inside the Glass

Whenever μ_{rel} = 1, the transmitted electric field E_{gl} (inside the glass block) and the transmitted magnetic field B_{gl} are related to quantities in vacuum by,

E_{gl} = 2 n + 1

E_{vac}, B_{gl} = 2n n + 1

B_{vac}. (8)

The density of transmitted electromagnetic-field momentum is then, noting that E_{vac} = B_{vac},

p_{gl} =

E_{gl} × B_{gl} 4πc = 4n (n + 1)^2

E_{vac} × B_{vac} 4πc = 4n (n + 1)^2 p_{vac}. (9)

The spatial length of the pulse when inside glass is 1/n times that when in vacuum (because the temporal length is the same but its speed is 1/n times that in vacuum), so the total electromagnetic-field momentum of the pulse when inside the glass is,

P_{EM,gl} = ∫ p_{EM,gl} dVol_{gl} = 4n n(n + 1)^2 ∫ p_{EM,vac} dVol_{vac} ≈

P_{EM,vac} n = U c n x̂, (10)

7This is the scenario considered in [16].

8We again ignore the “relativistic” mass of the box and the glass block when in motion with respect to the lab frame.

9See, for example, sec. 7.2 of [32], particularly eq. (7.42).

10Note that because we have assumed that μ_{rel} = 1, then B = H, and the Abraham momentum (2) is the same as the electromagnetic field momentum (1).

11This contrasts with [1, 22], where the energy of the laser pulse when inside the glass is n^2U.

noting that for n = 1 + α with small α, 4 (n + 1)^2 = 4 (2 + α)^2 ≈ 4 4 + 4α = 1 n . (11)

If we think of the laser pulse inside the glass as a particle, with energy U and momentum P = U x̂/cn, it has invariant (rest) mass,

m_{pulse} = √ U^2 − c^2P^2 c^2 = √ n^2 − 1 n U c^2 ≈ αU c^2

. (12)

A single photon of such a pulse would have energy U = ℏω, where ω is the angular frequency of the laser, such that m_{photon} ≈ αℏω/c^2.^{12}

2.3.3 Motion of the Glass Block

The electromagnetic-field momentum (10) is smaller than the momentum of the pulse in vacuum, so momentum conservation implies that the glass has mechanical momentum,

P_{mech,gl} = U c x̂ − U c n x̂ =

U(n − 1) c n x̂. (13)

That is, the pulse gives a push to the glass, in the +x direction when it enters the glass and in the −x direction when it later leaves the glass.^{13,14}

If the mechanical momentum (13) is shared by the entire glass block, then it takes on velocity,

V_{gl} =

U(n − 1) mc n x̂, (14)

while the pulse is inside the glass.^{15}

After the pulse leaves the glass, its velocity would return to zero.

However, motion of a mechanical object in response to a force at one end propagates across that object at the speed of sound, which is very small compared to the speed of light, so it not possible that the glass block takes on the velocity (14) as a whole before the laser pulse leaves the block. In particular, the exit face of the glass block will not have moved

12In [1, 22] is it claimed (incorrectly) that no “model” exists in which photons inside that glass have nonzero rest mass.

13This agrees with inferences from the Maxwell stress tensor of the laser pulse when it just outside the glass block (and still in vacuum). As in sec. 2.1 above, the stress tensor is diagonal, with negative T_{xx} (= −(E^2_⊥ + B^2_⊥)/8π = −E^2_⊥/4π), which indicates that the force, F_x = ∫ T_{xx}n̂_x dArea of the laser pulse on the left end of the glass (where n̂ = −x̂) is in the +x direction when it enters, and in the −x direction when it later leaves the right end of the glass(where n̂ = x̂).

14In contrast, Fig. 1 of [22], and McClymer (private communication), claims that the block is pulled in the −x direction when the laser pulse enters it (and pulled in the +x direction when the pulse leaves the block)._{15}

Strictly, the block takes on kinetic energy mv^2_{gl}/2 = U(n − 1)^2/2mc^2n ≈ Uα^2/2c^2, which is of the same order as the energy of the reflected laser pulse. In this note we neglect both of these effects.

before the pulse arrives at that face, so the time T_{glass} during which the pulse was inside the glass is given by,^{16}

T_{gl} = l c/n = nl c . (15)

As the leading edge of the pulse moves across the block, it exerts a local force in the +x direction that can set the local portion of the block in motion. However, as the trailing edge of the pulse passes any particular point inside the block, it exerts a local force in the −x direction the tends to bring the local portion of the block back to rest. As such, the block can well experience a net displacement D_{gl} in the +x direction, although this is unlikely to be related by the naïve expression,

D_{gl} = V_{gl}T_{gl} =

U(n − 1)

mc n nl c = Ul(n − 1)

mc^2

. (16)

There exists another possibility, that the mechanical momentum (13) is somehow “hidden” inside that glass, and the glass block does not move.

We continue the analysis based on the very doubtful relation (16).

2.3.4 Motion of the Box

We are now alerted that the analysis in sec. 2.1 is very doubtful as it assumed that the entire box started moving as a “rigid” body immediately after the laser pulse was emitted. But the apparent success of that analysis in being consistent with the center-of-energy theorem (i.e., that the center of mass should not move in that example), encourages us to proceed with the case of a “rigid” glass block inside a “rigid” box.

The total flight time T of the pulse inside the box is no longer given by eq. (5). Instead, we note that in addition to the time T_{gl} that the laser spends inside the glass, it spends time T_{vac} in the vacuum inside the box but outside the glass. We again have two relations involving the time T_{vac} and the displacement D of the (“rigid”) box after the laser pulse is reabsorbed, which are now,

D = V T = U Mc (T_{vac} + T_{gl}) = U Mc^3

(cT_{vac} + nl), L − D = cT_{vac} + c n T_{gl} = cT_{vac} + l, (17)

which lead to, D = U[L + (n − 1)l] Mc^2 + U

. (18)

The final position of the center of mass of the system is related by,

M^′x_{cm,f} = M ( L 2 − D ) + m ( L 2 + D_{gl} ) + U c^2

(L − D) = (M + m)L 2 − MU[L + (n − 1)l] Mc^2 + U + Ul(n − 1) c^2 + U c^2 ( L − U[L + (n − 1)l] Mc^2 + U )

16Thus, Nature keeps up from having to confront the issue that c/n is the speed of an electromagnetic wave inside a medium of index n only if that medium is at rest.

= (M + m)L 2 − ( M + U c^2 ) U[L + (n − 1)l] Mc^2 + U + U[L + (n − 1)l]

c^2 = (M + m)L 2 , (19)

which is the same as its initial position (7).

Although this analysis is doubtful, its result is satisfactory in supporting the center-of-energy theorem, and it is amusing that this success required use of a nonzero displacement, eq. (16), of the glass block by the passing laser pulse.

2.4 Analysis with the Glass Block Attached to the Box

2.4.1 The Glass Block has Length l = L

For the case where the glass block is “rigidly” attached to the box, as in [1], the simplest version is that the length l of the glass block is the same as the length L of the box. Then, we don’t need to consider the laser pulse in vacuum, but only inside the glass block where it has energy U and momentum U x̂/c n, as in sec. 2.3.2.^{17} We now take M to be the combined mass of the glass block plus the box when the laser pulse is traveling inside the glass, and M^′ = M + U/c^2 is the total mass of the system. Then, the initial position of the center of mass of the system, x_{cm,i}, is related by,

M^′x_{cm,i} = U c^2

0 + M L 2 = ML 2 . (20)

In the (doubtful) approximation of a “rigid” box, it recoils with speed, V = U Mc n

, (21)

in the −x direction when the laser pulse is emitted at time t = 0. The laser pulse is reabsorbed at the right end of the box at time T , before which the box moved distance D = V T to the left, while the laser pulse moved with speed c/n to the right, such that, T = L − D c/n , D = V T = UL Mc^2 − UD Mc^2

, D = UL Mc^2 + U = UL M^′c^2

. (22)

The final center of mass of the system, x_{cm,f} , is related by,

M^′x_{cm,f} = U c^2

(L − D) + M ( L 2 − D ) = UL c^2 ( 1 − U Mc^2 + U ) + ML 2 − MUL Mc^2 + U = ML 2 ,(23)

which is the same as the initial position (20).

Note the formal similarity of the analysis of this case to that in sec. 2.2.

17We again note that in [1, 22], the wave has energy n^2U and momentum nU x̂/c when inside the glass.

2.4.2 The Glass Block has Length l < L

If the glass block has length l < L, then the laser pulse travels in vacuum before and after its time inside the glass block. The initial position of the center of mass of the system is again given by eq. (20). The recoil velocity of the box + glass block when the laser pulse is in vacuum is again given by eq. (4), which we now write as,

V_{vac} = U Mc , (24)

where M is the mass of the box + glass while the laser pulse is in flight (as in sec. 2.4.1). However, when the laser pulse is inside the glass, and its momentum is U x̂/c n, as noted in eq. (10), the speed (to the left) of the box + glass (if “rigid”) is only,

V_{gl} = U Mc n

. (25)

The time T_{gl} that the laser pulse spends inside the glass is related to the distance D_{gl} that the box + glass moves (to the left) while the pulse is inside the glass by,

T_{gl} = l − D_{gl} c/n , D_{gl} = V_{gl}T_{gl} = Ul Mc^2 − UD_{gl} Mc^2

, D_{gl} = Ul Mc^2 + U = Ul M^′c^2

, (26)

as in eq. (22), replacing L by l. Similarly, The time T_{vac} that the laser pulse spends in vacuum is related to the distance D_{vac} that the box + glass moves (to the left) while the pulse is in vacuum by,

T_{vac} =

L − l − D_{vac} c , D_{vac} = V_{vac}T_{vac} =

U(L − l) Mc^2 − UD_{vac} Mc^2

, D_{vac} =

U(L − l) Mc^2 + U = U(L − l) M^′c^2

.(27)

The total distance D that the box + glass travels (to the left) while the laser pulse is in flight is,

D = D_{vac} + D_{gl} = UL M^′c^2

, (28)

The final center of mass of the system, x_{cm,f} , is (again) related by,

M^′x_{cm,f} = U c^2

(L − D) + M ( L 2 − D ) = UL c^2 ( 1 − U Mc^2 + U ) + ML 2 − MUL Mc^2 + U = ML 2 ,(29)

which is the same as the initial position (20).

Thus, the center of mass remains at rest in McClymer’s example whether or not the glass block is attached to the box. No “bootstrap spaceships”!

2.4.3 Scenario with a Retroreflector

The actual configuration discussed in [1] includes a retroreflector, as shown below.

This adds the complications that the box moves downwards during the short time that the laser pulse moves upwards inside the retroreflector, and the box also rotates during this time. But, the center of mass of the system still remains at rest (if initially at rest).

3 McClymer’s Spaceship and the Planck Length

Bekenstein noted [33, 34] that in examples like McClymer’s, if the laser pulse consisted of only a single optical photon, then the displacement D of the glass block would be less than the Planck length [35],

L_P = √ ℏG/c^3 ≈ 1.6 × 10^{−35} m. (30)

The argument/speculation of Bekenstein was that if space were grainy on the Planck scale (as suggested by Clifford (1876) [36], and Wheeler (1962) [37]), such a tiny displacement would be impossible, and the single photon would not be transmitted, but would be reflected.

If this were so, then in McClymer’s example, the photon would return to the laser and presumably be reabsorbed. Indeed, since the box would recoil by less than a Planck length, the speculation might be that the laser could not even emit just a single photon.

The present author is on record [38] as being skeptical about Bekenstein’s speculation.

References

[1] J.P. McClymer, Reactionless drive with conservation of momentum (February 14, 2019),

https://arxiv.org/abs/1902.07293

[2] K.T. McDonald, No Bootstrap Spaceships (Aug. 9, 2018),

http://kirkmcd.princeton.edu/examples/bootstrap.pdf

[3] M.S. Zolotorev and K.T. McDonald, Energy Balance in an Electrostatic Accelerator (Feb. 1, 1998), http://kirkmcd.princeton.edu/examples/staticaccel.pdf

[4] K.T. McDonald, Onoochin’s Paradox (Jan. 1, 2006),

kirkmcd.princeton.edu/examples/onoochin.pdf

[5] K.T. McDonald, Cullwick’s Paradox: Charged Particle on the Axis of a Toroidal Magnet (June 4, 2006), kirkmcd.princeton.edu/examples/cullwick.pdf

[6] K.T. McDonald, Slepian’s Electromagnetic Spaceship (June 18, 2006),

kirkmcd.princeton.edu/examples/EM/slepian_ee_68_245_49

[7] K.T. McDonald, Capacitor-Driven Railgun: Magnetic Fields Doing Work (Dec. 28, 2015), kirkmcd.princeton.edu/examples/railgun.pdf

[8] K.T. McDonald, Tuval’s Electromagnetic Spaceship (Nov. 30, 2015),

kirkmcd.princeton.edu/examples/tuval.pdf

[9] K.T. McDonald, Electromagnetic Helicopter? (Jan. 25, 2016),

kirkmcd.princeton.edu/examples/helicopter.pdf

[10] K.T. McDonald, Little’s Paradox (Apr. 21, 2017),

kirkmcd.princeton.edu/examples/little.pdf

[11] K.T. McDonald, No Bootstrap Spaceships via Magnets in Electric Fields (Aug. 16, 2018), kirkmcd.princeton.edu/examples/redfern.pdf

[12] K.T. McDonald, The Electric Self Force on a Current Loop (Jan. 11, 2019),

kirkmcd.princeton.edu/examples/loop_force.pdf

[13] M. Abraham, Zur Elektrodynamik bewegten Körper, Rend. Circ. Matem. Palermo 28, 1 (1909), http://kirkmcd.princeton.edu/examples/EM/abraham_rcmp_28_1_09.pdf

http://kirkmcd.princeton.edu/examples/EM/abraham_rcmp_28_1_09_english.pdf

[14] H. Minkowski, Die Grundgleichungen für die elektromagnetischen Vorgänge in bewegten Körper, Nachr. Ges. Wiss. Göttingen 1, 53 (1908),

http://kirkmcd.princeton.edu/examples/EM/minkowski_ngwg_53_08.pdf
http://kirkmcd.princeton.edu/examples/EM/minkowski_ngwg_53_08_english.pdf

[15] K.T. McDonald, Bibliography on the Abraham-Minkowski Debate (Feb. 17, 2015),

kirkmcd.princeton.edu/examples/ambib.pdf

[16] N.L. Balazs, The Energy-Momentum Tensor of the Electromagnetic Field inside Matter, Phys. Rev. 91, 408 (1953), http://kirkmcd.princeton.edu/examples/EM/balazs_pr_91_408_53.pdf

[17] A.M. Danschevskiǐet al., Dragging of Free Carriers by Photons in Direct Interband Transistions in Semiconductors, Sov. Phys. JETP 31, 292 (1970),

http://kirkmcd.princeton.edu/examples/EM/danishevskii_spjetp_31_292_70.pdf

[18] A.F. Gibson, M.F. Kimmitt and A.C. Walker, Photon Drag in Germanium, Appl. Phys.

Lett. 17, 75 (1970), http://kirkmcd.princeton.edu/examples/EM/gibson_apl_17_75_70.pdf

[19] A.F. Gibson et al., A study of radiation pressure in a refractive medium by the photon drag effect, Proc. Roy. Soc. London A 370, 303 (1980),

http://kirkmcd.princeton.edu/examples/EM/gibson_prsla_370_303_80.pdf

[20] C. Baxter and R. Loudon, Radiation pressure and the photon momentum in dielectrics, J. Mod. Opt. 57, 830 (2010), http://kirkmcd.princeton.edu/examples/EM/baxter_jmo_57_830_10.pdf

[21] P.W. Milonni and R.W. Boyd, Momentum of Light in a Dielectric Medium, Ann. Phys.

2, 519 (2010), http://kirkmcd.princeton.edu/examples/EM/milonni_aop_2_519_10.pdf

[22] M. Partenen et al., Photon mass drag and the momentum of light in a medium, Phys.

Rev. A 95, 063850 (2017),

http://kirkmcd.princeton.edu/examples/EM/partanen_pra_95_063850_17.pdf

[23] D.J. Griffiths, Comment on “Electromagnetic momentum conservation in media”, by I. Brevik and S.^∘A. Ellingsen, Ann. Phys. 326 (2011) 754, Ann. Phys. 327, 1290 (2012),

http://kirkmcd.princeton.edu/examples/EM/griffiths_ap_327_1290_12.pdf

[24] A. Einstein, Ist die Trägheit eines Körpers von seinem Energieinhalt abhängig? Ann.

Phys. 18, 639 (1905), http://kirkmcd.princeton.edu/examples/EM/einstein_ap_18_639_05.pdf Translation: Does the Inertia of a Body Depend upon its Energy-Content?,

http://kirkmcd.princeton.edu/examples/EM/einstein_ap_18_639_05_english.pdf

[25] A. Einstein, Das Prinzip von der Erhaltung der Schwerpunktsbewegung und die Trähigkiet der Energie, Ann. Phys. 20, 627 (1906),

http://kirkmcd.princeton.edu/examples/GR/einstein_ap_20_627_06.pdf

Translation: The Principle of Conservation of Motion of the Center of Gravity and the Inertia of Energy, http://kirkmcd.princeton.edu/examples/GR/einstein_ap_20_627_06_english.pdf

[26] A. Einstein, Über die vom Relativitätsprinzip geforderte Trähigkeit der Energie, Ann.

Phys. 23, 371 (1907),

http://kirkmcd.princeton.edu/examples/GR/einstein_ap_23_371_07.pdf

Translation: On the Inertia of Energy Required by the Relativity Principle,

http://kirkmcd.princeton.edu/examples/GR/einstein_ap_23_371_07_english.pdf

[27] A. Einstein, Über das Relativitätsprinzip und die aus demselben gezogenen Folgerungen, Jahrb. Radio. Elec. 4, 411 (1907),

http://kirkmcd.princeton.edu/examples/GR/einstein_jre_4_411_08.pdf

Translation: On the Relativity Principle and Conclusions Drawn from It,

http://kirkmcd.princeton.edu/examples/GR/einstein_jre_4_411_08_english.pdf

[28] A. Einstein, Elementary Derivation of the Equivalence of Mass and Energy, Bull. Amn.

Math. Soc. 37, 39 (1935), http://kirkmcd.princeton.edu/examples/GR/einstein_bams_37_39_35.pdf

[29] F. Flores, Einstein’s 1935 Derivation of E = mc^2, Stud. Hist. Phil. Mod. Phys. 29, 223 (1998), http://kirkmcd.princeton.edu/examples/GR/flores_shpmp_29_223_98.pdf

[30] E. Hecht, How Einstein confirmed E_0 = mc^2, Am. J. Phys. 79, 591 (2011),

http://kirkmcd.princeton.edu/examples/GR/hecht_ajp_79_591_11.pdf

[31] R.P. Feynman, R.B. Leighton and M. Sands, The Feynman Lectures on Physics, Vol. II (Addison-Wesley, 1963), http://www.feynmanlectures.caltech.edu/II_27.html

[32] J.D. Jackson, Classical Electrodynamics, 3^{rd} ed. (Wiley, 1999),

http://kirkmcd.princeton.edu/examples/EM/jackson_ce3_99.pdf

[33] J.D. Bekenstein, Is a tabletop search for Planck scale signals feasible? Phys. Rev. D 86, 124040 (2012), http://kirkmcd.princeton.edu/examples/GR/bekenstein_prd_86_124040_12.pdf [34] J.D. Bekenstein, Can quantum gravity be exposed in the laboratory? Found. Phys. 44, 452 (2014), http://kirkmcd.princeton.edu/examples/GR/bekenstein_fp_44_452_14.pdf [35] M. Planck, Über irreversible Strahlungsvorgänge, Sitz. König. Preuss. Akad. Wissen.

26, 440 (1899), http://kirkmcd.princeton.edu/examples/statmech/planck_skpaw_26_440_99.pdf [36] W.K. Clifford, On the Space-Theory of Matter, Proc. Camb. Phil. Soc. 2, 157 (1876),

http://kirkmcd.princeton.edu/examples/GR/clifford_pcps_2_157_76.pdf

[37] J.A. Wheeler, Geometrodynamics (Academic Press, 1962).

[38] K.T. McDonald, Does Transmission of Light through a Window Involve Physics at the Planck Scale? (February 4, 2013), http://kirkmcd.princeton.edu/examples/bekenstein.pdf