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In my present view, the Abraham-Minkowski debate is about how an electromechanical
system can be partitioned into “electromagnetic” and “mechanical” subsystems. A view not
taken by either Abraham or Minkowski is that the “electromagnetic” subsystem consists
only of the (macroscopic or microscopic) fields E and B, while the polarization densities P
and M are “mechanical” entities. Then, the density of momentum in the “electromagnetic
field” is,

PEM = ε0E × B =
E × B

4πc
, (1)

in SI and Gaussian units, respectively, while Abraham [28] argued that,

P
(A)
EM =

E × H

c2
=

E× H

4πc
, (2)

but Minkowski’s view [27] was that,

P
(M)
EM = D × B =

D × B

4πc
. (3)

Note that in dielectric media with unit relative permeability the Abraham momentum (2)
is the same as the “field-only” momentum (1); the majority of papers in the bibliography
below restrict their attention to this case. Here, it is natural to suppose that the Minkowski
momentum (3) includes momentum associated with the polarization density P and so is a
kind of “pseudomomentum”, as perhaps first remarked in this context in [97]. Of course, in a
magnetic medium with unit permittivity, the situation would be reversed and the Minkowski
momentum agrees with eq. (1) while the Abraham momentum could be called a “pseudo-
momentum”.

However, once one considers the possibility of quantum “pseudoparticles” such as po-
laritons, which are quanta of a charged-particle interaction with an electromagnetic field, it
seems better to abandon the “classical” notion of a crisp partition of a system into “elec-
tromagnetic” and “mechanical” subsystem. That is, the Abraham-Minkowski debate is ulti-
mately ill-founded: the form of the “electromagnetic” momentum relevant to an experiment
can depend on the details of the apparatus (as noted in a general way by Bohr for quantum
systems).

One can try to evade this quantum ambiguity by restricting attention to “purely classical”
experiments, but this eliminates all examples involving waves, which latter have been the
major interest in the Abraham-Minkowski debate over the past 60 years. If we confine our
attention to purely “static” examples, in which the total momentum is zero and one näıvely
expects there to be no mechanical momentum, when the “electromagnetic” momentum is
nonzero we must entertain the arcane concept of “hidden” mechanical momentum, which is
not represented in the bibliography below.1

1For some comments by the author on this last theme, see K.T. McDonald, Abraham, Minkowski and
“Hidden” Mechanical Momentum, (June 6, 2012), http://kirkmcd.princeton.edu/examples/abraham.pdf.
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The Abraham-Minkowski debate has been characterized by Ginzburg as a “perpetual
problem.”2
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[10] H.A. Lorentz, La Théorie Électromagnétique Maxwell et Son Application aux Corps
Mouvants, (Brill, Leiden, 1892),
http://kirkmcd.princeton.edu/examples/EM/lorentz_theorie_electromagnetique_92.pdf

2V.L. Ginzburg, Radiation and Radiation Friction Force in Uniformly Accelerated Motion of a Charge,
Sov. Phys. Usp. 12, 565 (1970), http://kirkmcd.princeton.edu/examples/EM/ginzburg_spu_12_565_70.pdf.

2
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[109] B.M. Bolotovskǐi and S.N. Stolyarov, Current status of the electrodynamics of moving
media (infinite media), Sov. Phys. Usp. 17, 875 (1975),
http://kirkmcd.princeton.edu/examples/EM/bolotovski_spu_17_875_75.pdf

[110] D.G. Lahoz and G. Walker, An experimental analysis of electromagnetic forces in
liquids, J. Phys. D 8, 1994 (1975),
http://kirkmcd.princeton.edu/examples/EM/lahoz_jpd_8_1994_75.pdf

[111] F.N.H. Robinson, Electromagnetic Stress and Momentum in Matter, Phys. Rep. 16,
313 (1975), http://kirkmcd.princeton.edu/examples/EM/robinson_pr_16_313_75.pdf

[112] G.B. Walker and D.G. Lahoz, Experimental observation of Abraham force in a dielec-
tric, Nature 253, 339 (1975), http://kirkmcd.princeton.edu/examples/EM/walker_nature_253_339_75.pdf

[113] G.B. Walker, D.G. Lahoz and G. Walker, Measurement of the Abraham Force in a
Barium Titanate Specimen, Can. J. Phys. 53, 2577 (1975),
http://kirkmcd.princeton.edu/examples/EM/walker_cjp_53_2577_75.pdf

[114] V.L. Ginzburg and V.A. Ugarov, Remarks on forces and the energy-momentum tensor
in macroscopic electrodynamics, Sov. Phys. Usp. 19, 94 (1976),
http://kirkmcd.princeton.edu/examples/EM/ginzburg_spu_19_94_76.pdf

[115] H.A. Haus and H. Kogelnik, Electromagnetic momentum and momentum flow in di-
electric waveguides, J. Opt. Soc. Am 66, 329 (1976),
http://kirkmcd.princeton.edu/examples/EM/haus_josa_66_320_76.pdf

[116] H.-M. Lai and K. Young, Response of a liquid surface to the passage of an intense laser
pulse, Phys. Rev. 14, 2329 (1976),
http://kirkmcd.princeton.edu/examples/EM/lai_pra_14_2329_76.pdf

[117] Z. Mikura, Variational formulation of the electrodynamics of fluids and its application
to the radiation pressure problem, Phys. Rev. A 13, 2265 (1976),
http://kirkmcd.princeton.edu/examples/EM/mikura_pra_13_2265_76.pdf

[118] R. Peierls, The momentum of light in a refracting medium, Proc. Roy. Soc. London A
347, 475 (1976), http://kirkmcd.princeton.edu/examples/EM/pierls_prsla_347_475_76.pdf

10



[119] G.B. Walker and G. Walker, Mechanical forces of electromagnetic origin, Nature 263,
401 (1976), http://kirkmcd.princeton.edu/examples/EM/walker_nature_263_401_76.pdf

[120] R.L. Dewar, Energy-Momentum Tensors for Dispersive Electromagnetic Waves Aust.
J. Phys. 30, 533 (1977), http://kirkmcd.princeton.edu/examples/EM/dewar_ajp_30_533_77.pdf

[121] W. Israel, Relativistic Effects in Dielectrics: An Experimental Decision between Abra-
ham and Minkowski? Phys. Lett. 67B, 125 (1977),
http://kirkmcd.princeton.edu/examples/EM/israel_pl_67b_125_77.pdf

[122] R. Peierls, The momentum of light in a refracting medium II. Generalization. Appli-
cation to oblique reflexion, Proc. Roy. Soc. London A 355, 141 (1977),
http://kirkmcd.princeton.edu/examples/EM/pierls_prsla_355_141_77.pdf

[123] H. Rund, Energy-momentum tensors in the theory of electromagnetic fields admitting
electric and magnetic charge distributions, J. Math. Phys. 18, 1312 (1977),
http://kirkmcd.princeton.edu/examples/EM/rund_jmp_18_1312_77.pdf

[124] G.B. Walker and G. Walker, Mechanical forces in a dielectric due to electromagnetic
fields, Can. J. Phys. 55, 2121 (1977),
http://kirkmcd.princeton.edu/examples/EM/walker_cjp_55_2121_77.pdf

[125] H.-K. Wong and K. Young, Momentum of light in a refracting medium, Am. J. Phys.
45, 195 (1977), http://kirkmcd.princeton.edu/examples/EM/wong_ajp_45_195_77.pdf

[126] J. Cohn, Covariant Electrodynamics in a Medium. I, Ann. Phys. 114, 467 (1978),
http://kirkmcd.princeton.edu/examples/EM/cohn_ap_114_467_78.pdf

[127] R.V. Jones and B. Leslie, The measurement of optical radiation pressure in dispersive
media, Proc. Roy. Soc. London A 360, 347 (1978),
http://kirkmcd.princeton.edu/examples/EM/jones_prsla_360_347_78.pdf

[128] R.V. Jones, Radiation pressure of light in a dispersive medium, Proc. Roy. Soc. London
A 360, 365 (1978), http://kirkmcd.princeton.edu/examples/EM/jones_prsla_360_365_78.pdf

[129] G.A. Maugin, On the covariant equations of the relativistic electrodynamics of con-
tinua. I. General equations, J. Math. Phys. 19, 118 (1978),
http://kirkmcd.princeton.edu/examples/EM/maugin_jmp_19_118_78.pdf

[130] I. Brevik, Experiments in Phenomenological Electrodynamics and the Electromagnetic
Energy-Momentum Tensor, Phys. Rep. 52, 133 (1979),
http://kirkmcd.princeton.edu/examples/EM/brevik_pr_52_133_79.pdf

[131] R.V. Jones, Radiation pressure and ‘aether drag’ in a dispersive medium, Nature 270,
370 (1979), http://kirkmcd.princeton.edu/examples/EM/jones_nature_270_370_79.pdf
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Vacuum to Magnetoelectric Matter, Phys. Rev. Lett. 96, 130402 (2006),
http://kirkmcd.princeton.edu/examples/EM/vantiggelen_prl_96_130402_06.pdf

[187] S. Antoci and L. Mihich, The issue of photons in dielectrics: Hamiltonian viewpoint,
Nuovo Cim. B 122, 413 (2007), http://kirkmcd.princeton.edu/examples/EM/antoci_nc_122b_413_07.pdf

[188] O.J. Birkeland and I. Brevik, On the Feigel Effect: Extraction of Momentum from
Vacuum? (Oct. 31, 2007), http://arxiv.org/abs/0707.2528

[189] M.E. Crenshaw, Electromagnetic Momentum and Radiation Pressure derived from the
Fresnel Relations, Opt. Expr. 15, 714 (2007),
http://kirkmcd.princeton.edu/examples/EM/crenshaw_oe_15_714_07.pdf

[190] T. Dereli, J. Gratus and R.W. Tucker, The covariant description of electromagnetically
polarizable media, Phys. Lett. A361, 190 (2007),
http://kirkmcd.princeton.edu/examples/EM/dereli_pl_a361_190_07.pdf

[191] M. Mansuripur, Radiation Pressure on Submerged Mirrors: Implications for the Mo-
mentum of Light in Dielectric Media, Opt. Expr. 15, 2677 (2007),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_oe_15_2677_07.pdf

[192] M. Mansuripur, Radiation pressure and the linear momentum of the electromagnetic
field in magnetic media, Opt. Expr. 15, 13502 (2007),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_oe_15_13502_07.pdf

[193] Y.N. Obukhov and F.W. Hehl, Electrodynamics of moving magnetoelectric media:
Variational approach, Phys. Lett. A371, 11 (2007),
http://kirkmcd.princeton.edu/examples/EM/obukhov_pla_371_11_07.pdf

[194] R.N.C. Pfeifer et al., Colloquium: Momentum of an electromagnetic wave in dielectric
media, Rev. Mod. Phys. 79, 1197 (2007),
http://kirkmcd.princeton.edu/examples/EM/pfeifer_rmp_79_1197_07.pdf

[195] O.J. Birkeland and I. Brevik, Nonlinear laser-induced deformations of liquid-liquid
interfaces: An optical fiber model, Phys. Rev. E 78, 066314 (2008),
http://kirkmcd.princeton.edu/examples/EM/birkeland_pre_78_066314_08.pdf

[196] R. Gordon et al., Optohydrodynamic theory of particles in a dual-beam optical trap,
Phys. Rev. B 77, 245125 (2008),
http://kirkmcd.princeton.edu/examples/EM/gordon_prb_77_245125_08.pdf

[197] F.W. Hehl, Maxwell’s equations in Minkowski’s world: their premetric generalization
and the electromagnetic energy-momentum tensor, Ann. Phys. (Berlin) 17, 691 (2008),
http://kirkmcd.princeton.edu/examples/EM/hehl_ap_17_691_08.pdf

[198] M. Mansuripur, Electromagnetic stress tensor in ponderable media, Opt. Expr. 16,
5193 (2008), http://kirkmcd.princeton.edu/examples/EM/mansuripur_oe_16_5193_08.pdf

16



[199] M. Mansuripur, Electromagnetic force and torque in ponderable media, Opt. Expr.
16, 14821 (2008), http://kirkmcd.princeton.edu/examples/EM/mansuripur_oe_16_14821_08.pdf

[200] Y.N. Obukhov, Electromagnetic energy and momentum in moving media, Ann. Phys.
(Berlin) 17, 830 (2008), http://kirkmcd.princeton.edu/examples/EM/obukhov_ap_17_830_08.pdf

[201] Y.N. Obukhov and F.W. Hehl, Forces and momenta caused by electromagnetic waves
in magnetoelectric media, Phys. Lett. A372, 3946 (2008),
http://kirkmcd.princeton.edu/examples/EM/obukhov_pla_372_3946_08.pdf

[202] M.J. Padgett, On diffraction within a dielectric medium as an example of the
Minkowski formulation of optical momentum, Opt. Expr. 16, 20864 (2008),
http://kirkmcd.princeton.edu/examples/EM/padgett_oe_16_20864_08.pdf

[203] F. Ravndal, Effective electromagnetic theory for dielectric media (Sept. 25, 2008),
http://arxiv.org/abs/0804.4013

[204] M.G. Scullion and S.M. Barnett, Optical momentum in negative-index media, J. Mod.
Opt. 55, 2301 (2008), http://kirkmcd.princeton.edu/examples/EM/scullion_jmo_55_2301_08.pdf

[205] W. She, J. Yu and R. Feng, Observation of a Push Force on the End Face of a Nanome-
ter Silica Filament Exerted by Outgoing Light, Phys. Rev. Lett. 101, 243601 (2008),
http://kirkmcd.princeton.edu/examples/EM/she_prl_101_243601_08.pdf

[206] R. Dick, The momentum of electromagnetic waves in dielectric materials, Ann. Phys.
(Berlin) 18, 174 (2009), http://kirkmcd.princeton.edu/examples/EM/dick_ap_18_174_09.pdf

[207] A. Favaro, P. Kinsler and M.W. McCall, Comment on “Correct definition of the Poynt-
ing vector in electrically and magnetically polarizable medium reveals that negative re-
fraction is impossible.” Opt. Expr. 17, 15167 (2009),
http://kirkmcd.princeton.edu/examples/EM/favaro_oe_17_15167_09.pdf

[208] E.A. Hinds and S.M. Barnett, Momentum Exchange between Light and a Single Atom:
Abraham or Minkowski? Phys. Rev. Lett. 102, 050403 (2009),
http://kirkmcd.princeton.edu/examples/EM/hinds_prl_102_050403_09.pdf

[209] A. Hirose and R. Dick, Fresnels formulae and the Minkowski momentum, Can. J. Phys.
87, 407 (2009), http://kirkmcd.princeton.edu/examples/EM/hirose_cjp_87_407_09.pdf

[210] P. Kinsler, A. Favaro and M.W. McCall, Four Poynting theorems, Eur. J. Phys. 30,
983 (2009), http://kirkmcd.princeton.edu/examples/EM/kinsler_ejp_30_983_09.pdf

[211] I.P. Krasnov, On the Energy and Momentum of Electromagnetic Fields, Tech. Phys.
Lett. 35, 141 (2009), http://kirkmcd.princeton.edu/examples/EM/krasnov_tpl_35_141_09.pdf

[212] V.P. Makarov and A.A. Rukhadze, Force acting on a substance in an electromagnetic
field, Phys. Usp. 52, 937 (2009),
http://kirkmcd.princeton.edu/examples/EM/makarov_pu_52_937_09.pdf

17



[213] M. Mansuripur and A.R. Zakharian, Maxwell’s macroscopic equations, the energy-
momentum postulates, and the Lorentz law of force, Phys. Rev. E 79, 0266608 (2009),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_pre_79_026608_09.pdf

[214] R.N.C. Pfeifer et al., Constraining validity of the Minkowski energy-momentum tensor,
Phys. Rev. A 79, 023813 (2009),
http://kirkmcd.princeton.edu/examples/EM/pfeifer_pra_79_023813_09.pdf

[215] T. Rothman and S. Boughn, The Lorentz force and the radiation pressure of light,
Am. J. Phys. 77, 122 (2009), http://kirkmcd.princeton.edu/examples/EM/rothmann_ajp_77_122_09.pdf

[216] S.M. Barnett, Resolution of the Abraham-Minkowski Dilemma, Phys. Rev. Lett. 104,
070401 (2010), http://kirkmcd.princeton.edu/examples/EM/barnett_prl_104_070401_10.pdf

[217] S.M. Barnett and R. Loudon, The enigma of optical momentum in a medium, Phil.
Trans. Roy. Soc. London A 368, 927 (2010),
http://kirkmcd.princeton.edu/examples/EM/barnett_ptrsa_368_927_10.pdf

[218] 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

[219] D.H. Bradshaw et al., Electromagnetic momenta and forces in dispersive dielectric
media, Opt. Comm. 283, 650 (2010),
http://kirkmcd.princeton.edu/examples/EM/bradshaw_oc_283_650_10.pdf

[220] I. Brevik and S.
◦
A. Ellingsen, Transverse radiation force in a tailored optical fiber, Phys.

Rev. A 81, 011806 (2010), http://kirkmcd.princeton.edu/examples/EM/brevik_pra_81_011806_10.pdf

[221] I. Brevik and S.
◦
A. Ellingsen, Possibility of measuring the Abraham force using whis-

pering gallery modes, Phys. Rev. A 81, 063830 (2010),
http://kirkmcd.princeton.edu/examples/EM/brevik_pra_81_063830_10.pdf

[222] M.V. Davidovich, On energy and momentum conservation laws for an electromagnetic
field in a medium or at diffraction on a conducting plate, Phys. Usp. 53, 595 (2010),
http://kirkmcd.princeton.edu/examples/EM/davidovich_pu_53_595_10.pdf

[223] A. Hirose, Radiation pressure on a dielectric surface, Can. J. Phys. 88, 247 (2010),
http://kirkmcd.princeton.edu/examples/EM/hirose_cjp_88_247_10.pdf

[224] M. Mansuripur, Resolution of the Abraham-Minkowski controversy, Opt. Comm. 283,
1997 (2010), http://kirkmcd.princeton.edu/examples/EM/mansuripur_oc_283_1997_10.pdf

[225] M. Mansuripur and A.R. Zakharian, Whence the Minkowski momentum? Opt. Comm.
283, 3557 (2010), http://kirkmcd.princeton.edu/examples/EM/mansuripur_oc_283_3557_10.pdf

[226] P. Milonni and R.W. Boyd, Momentum of Light in a Dielectric Medium, Adv. Opt.
Phot. 2, 519 (2010), http://kirkmcd.princeton.edu/examples/EM/milonni_aop_2_519_10.pdf

18



[227] P.L. Saldanha, Division of the momentum of electromagnetic waves in linear media
into electromagnetic and material parts, Opt. Expr. 18, 2258 (2010),
http://kirkmcd.princeton.edu/examples/EM/saldanha_oe_18_2258_10.pdf

[228] A. Shevchenko and B.J. Hoenders, Microscopic derivation of electromagnetic force
density in magnetic dielectric media, New J. Phys. 12, 053020 (2010),
http://kirkmcd.princeton.edu/examples/EM/shevchenko_njp_12_053020_10.pdf

[229] V.G. Veselago and V.V. Shchavlev, On the relativistic invariance of the Minkowski
and Abraham energy-momentum tensors, Phys. Usp. 53, 317 (2010),
http://kirkmcd.princeton.edu/examples/EM/veselago_pu_53_317_10.pdf

[230] I. Brevik and S.
◦
A. Ellingsen, Electromagnetic momentum conservation in media, Ann.

Phys. (N.Y.) 326, 754 (2011), http://kirkmcd.princeton.edu/examples/EM/brevik_ap_326_754_11.pdf

[231] M.E. Crenshaw and T.B. Bahder, Energy-momentum tensor for the electromagnetic
field in a dielectric, Opt. Comm. 284, 2460 (2011),
http://kirkmcd.princeton.edu/examples/EM/crenshaw_oc_284_2460_11.pdf

[232] S.A. Ellingsen and I. Brevik, Electrostrictive fluid pressure from a laser beam, Phys.
Fluids 23, 096101 (2011), http://kirkmcd.princeton.edu/examples/EM/ellingsen_pf_23_096101_11.pdf

[233] Y. He, J.-Q. Shen, and S. He, Consistent Formalism for the Momentum of Electromag-
netic Waves in Lossless Dispersive Metamaterials and the Conservation of Momentum,
Prog. Elec. Res. 116, 81 (2011), http://kirkmcd.princeton.edu/examples/EM/he_pier_116_81_11.pdf

[234] J.L. Jiménez, I Campos and M.A, Lopez-Mariño, Electromagnetic momentum in mag-
netic media and the Abraham-Minkowski controversy, Eur. J. Phys. 32, 739 (2011),
http://kirkmcd.princeton.edu/examples/EM/jimenez_ejp_32_739_11.pdf

[235] B.A. Kemp, Resolution of the Abraham-Minkowski debate: Implications for the elec-
tromagnetic wave theory of light in matter, J. Appl. Phys. 109, 111101 (2011),
http://kirkmcd.princeton.edu/examples/EM/kemp_jap_109_111101_11.pdf

[236] B.A. Kemp and T.M. Grzegorczyk, The observable pressure of light in dielectric fluids,
Opt. Lett. 36, 493 (2011), http://kirkmcd.princeton.edu/examples/EM/kemp_ol_36_493_11.pdf

[237] X. Liu and G. Zhang, Equivalence of the Abraham momentum and the Minkowski
momentum of photons in media, Opt. Comm. 284, 4546 (2011),
http://kirkmcd.princeton.edu/examples/EM/liu_oc_284_4546_11.pdf

[238] V.P. Makarov and A.A. Rukhadze, Negative group velocity electromagnetic waves and
the energy-momentum tensor, Phys. Usp. 54, 1285 (2011),
http://kirkmcd.princeton.edu/examples/EM/makarov_pu_54_1285_11.pdf

[239] M. Mansuripur, Nature of electric and magnetic dipoles gleaned from the Poynting
theorem and the Lorentz force law of classical electrodynamics, Opt. Comm. 284, 594
(2011), http://kirkmcd.princeton.edu/examples/EM/mansuripur_oc_284_594_11.pdf

19



[240] T.G. Philbin, Electromagnetic energy momentum in dispersive media, Phys. Rev. A
83, 013823 (2011), http://kirkmcd.princeton.edu/examples/EM/philbin_pra_83_013823_11.pdf

[241] T. Ramos, G.F. Rubilar and Y.N. Obukhov, Relativistic analysis of the dielectric
Einstein box: Abraham, Minkowski and total energymomentum tensors, Phys. Lett.
A375, 1703 (2011), http://kirkmcd.princeton.edu/examples/EM/ramos_pl_a375_1703_11.pdf

[242] G.L.J.A. Rikken and B.A. van Tiggelen, Measurement of the Abraham Force and Its
Predicted QED Corrections in Crossed Electric and Magnetic Fields, Phys. Rev. Lett.
107, 170401 (2011), http://kirkmcd.princeton.edu/examples/EM/rikken_prl_107_170401_11.pdf

[243] P.L. Saldanha, Division of the energy and of the momentum of electromagnetic waves
in linear media into electromagnetic and material parts, Opt. Comm. 284, 2653 (2011),
http://kirkmcd.princeton.edu/examples/EM/saldanha_oc_284_2653_11.pdf

[244] A. Shevchenko and M. Kaivola, Electromagnetic force density in dissipative isotropic
media, J. Phys. B 44, 065403 (2011),
http://kirkmcd.princeton.edu/examples/EM/shevchenko_jpb_44_065403_11.pdf

[245] A. Shevchenko and M. Kaivola, Electromagnetic force density and energymomentum
tensor in an arbitrary continuous medium, J. Phys. B 44, 175401 (2011),
http://kirkmcd.princeton.edu/examples/EM/shevchenko_jpb_44_175401_11.pdf

[246] J. Yu et al., Total longitudinal momentum in a dispersive optical waveguide, Opt.
Expr. 19, 25263 (2011), http://kirkmcd.princeton.edu/examples/EM/yu_oe_19_25263_11.pdf

[247] I. Brevik and S.
◦
A. Ellingsen, Detection of the Abraham force with a succession of short

optical pulses, Phys. Rev. A 86, 025801 (2012),
http://kirkmcd.princeton.edu/examples/EM/brevik_pra_86_025801_12.pdf

[248] M.E. Crenshaw and T.B. Bahder, Electromagnetic energy, momentum, and angular
momentum in an inhomogeneous linear dielectric, Opt. Comm. 285, 5180 (2012),
http://kirkmcd.princeton.edu/examples/EM/crenshaw_oc_285_5180_12.pdf

[249] O.A. Croze, Alternative derivation of the Feigel effect and call for its experimental
verification, Proc. Roy. Soc. London A 468, 429 (2012),
http://kirkmcd.princeton.edu/examples/EM/croze_prsla_468_429_12.pdf

[250] I.Y. Dodin and N.J. Fisch, Axiomatic geometrical optics, Abraham-Minkowski contro-
versy, and photon properties derived classically, Phys. Rev. A 86, 053834 (2012),
http://kirkmcd.princeton.edu/examples/EM/dodin_pra_86_053834_12.pdf

[251] S.A. Ellingsen and I. Brevik, Electrostrictive counterforce on fluid microdroplet in
short laser pulse, Opt. Lett. 37, 1928 (2012),
http://kirkmcd.princeton.edu/examples/EM/ellingsen_ol_37_1928_12.pdf

[252] W.Frias and A.I. Smolyakov, Electromagnetic forces and internal stresses in dielectric
media, Phys. Rev. E 85, 046606 (2012),
http://kirkmcd.princeton.edu/examples/EM/frias_pre_85_046606_12.pdf

20



[253] D.J. Griffiths, Electromagnetic momentum, Am. J. Phys. 80, 7 (2012),
http://kirkmcd.princeton.edu/examples/EM/griffiths_ajp_80_7_12.pdf

[254] D.J. Griffiths, Comment on “Electromagnetic momentum conservation in media”, Ann.
Phys. (N.Y.) 327, 1290 (2012),
http://kirkmcd.princeton.edu/examples/EM/griffiths_ap_327_1290_12.pdf

[255] M. Mansuripur, Trouble with the Lorentz Law of Force: Incompatibility with Special
Relativity and Momentum Conservation, Phys. Rev. Lett. 108, 193901 (2012),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_prl_108_193901_12.pdf

[256] T.G. Philbin and O. Allanson, Optical angular momentum in dispersive media, Phys.
Rev. A 86, 055802 (2012), http://kirkmcd.princeton.edu/examples/EM/philbin_pra_86_055802_12.pdf

[257] F. Ravndal, Symmetric and conserved energy-momentum tensors in moving media,
Europhys. Lett. 99, 50002 (2012),
http://kirkmcd.princeton.edu/examples/EM/ravndal_epl_99_50002_12.pdf

[258] G.L.J.A. Rikken and B.A. van Tiggelen, Observation of the Intrinsic Abraham Force
in Time-Varying Magnetic and Electric Fields, Phys. Rev. Lett. 108, 230402 (2012),
http://kirkmcd.princeton.edu/examples/EM/rikken_prl_108_230402_12.pdf

[259] A. Shevchenko, Electromagnetic angular momentum flux tensor in a medium, Eur.
Phys. J. D 66, 167 (2012), http://kirkmcd.princeton.edu/examples/EM/shevchenko_epjd_66_167_12.pdf

[260] M.G. Silveirinha and S.I. Maslovski, Exchange of momentum between moving matter
induced by the zero-point fluctuations of the electromagnetic field, Phys. Rev. A 86,
042118 (2012), http://kirkmcd.princeton.edu/examples/EM/silveirinha_pra_86_042118_12.pdf

[261] W.-Z. Zhang et al., Testing the equivalence between the canonical and Minkowski
momentum of light with ultracold atoms, Phys. Rev. A 85, 0553604 (2012),
http://kirkmcd.princeton.edu/examples/EM/zhang_pra_85_053604_12.pdf

[262] N.S. Aanensen, S.A. Ellingsen and I. Brevik, Theoretical considerations of laser-
induced liquid-liquid interface deformation, Phys. Scripta 87, 055402 (2013),
http://kirkmcd.princeton.edu/examples/EM/aanensen_ps_87_055402_13.pdf

[263] N.G.C. Astrath et al., Surface deformation effects induced by radiation pressure and
electrostriction forces in dielectric solids, Appl. Phys. Lett. 102, 231903 (2013),
http://kirkmcd.princeton.edu/examples/EM/astrath_apl_102_231903_13.pdf

[264] I. Brevik, What Do Experiments in Optics tell us about Photon Momentum in Media?
(Oct. 14, 2013), https://arxiv.org/abs/1310.3684

[265] M.E. Crenshaw, Decomposition of the total momentum in a linear dielectric into field
and matter components, Ann. Phys. 338, 97 (2013),
http://kirkmcd.princeton.edu/examples/EM/crenshaw_ap_338_97_13.pdf

21



[266] M.V. Gorkunov and A.V. Kondratov, Macroscopic view of light pressure on a contin-
uous medium, Phys. Rev. A 88, 011804(R) (2013),
http://kirkmcd.princeton.edu/examples/EM/gorkunov_pra_88_011804_13.pdf

[267] H. Liberal et al., Electromagnetic force density in electrically and magnetically polar-
izable media, Phys. Rev. A 88, 053808 (2013),
http://kirkmcd.princeton.edu/examples/EM/liberal_pra_88_053808_13.pdf

[268] M. Mansuripur, A.R. Zakharian, and E.M. Wright, Electromagnetic-force distribution
inside matter, Phys. Rev. A 88, 023826 (2013),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_pra_88_023826_13.pdf

[269] M. Mansuripur, On the Foundational Equations of the Classical Theory of Electrody-
namics, Resonance 130, 13 (2013),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_resonance_130_13.pdf

[270] M. Mansuripur, The Force Law of Classical Electrodynamics: Lorentz versus Einstein
and Laub, P. SPIE 8810, 88100K (2013),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_pspie_8810_13.pdf

[271] M. Testa, The momentum of an electromagnetic wave inside a dielectric, Ann. Phys.
336, 1 (2013), http://kirkmcd.princeton.edu/examples/EM/testa_ap_336_1_13.pdf

[272] C. Wang, Can the Abraham Light Momentum and Energy in a Medium Constitute a
Lorentz Four-Vector? J. Mod. Phys. 4, 1123 (2013),
http://kirkmcd.princeton.edu/examples/EM/wang_jmp_4_1123_13.pdf

[273] K.J. Webb, Dependence of the Radiation Pressure on the Background Refractive Index,
Phys. Rev. Lett. 111, 043602 (2013),
http://kirkmcd.princeton.edu/examples/EM/webb_prl_111_043602_13.pdf

[274] N.G.C. Astrath et al., Unravelling the effects of radiation forces in water, Nat. Comm.
5, 4364 (2014), http://kirkmcd.princeton.edu/examples/EM/astrath_nc_5_4364_14.pdf

[275] I. Brevik, Explanation for the transverse radiation force observed on a vertically hang-
ing fiber, Phys. Rev. A 89, 025809 (2014),
http://kirkmcd.princeton.edu/examples/EM/brevik_pra_89_025802_14.pdf

[276] M.E. Crenshaw, Electromagnetic momentum and the energy-momentum tensor in
a linear medium with magnetic and dielectric properties, J. Math. Phys. 55, 042901
(2014), http://kirkmcd.princeton.edu/examples/EM/crenshaw_jmp_55_042901_14.pdf

[277] A.M. Jazayeri and K. Mehrany, Critical study and discrimination of different formula-
tions of electromagnetic force density and consequent stress tensors inside matter, Phys.
Rev. A 89, 043845 (2014),
http://kirkmcd.princeton.edu/examples/EM/jazayeri_pra_89_043845_14.pdf

22



[278] U. Leonhardt, Abraham and Minkowski momenta in the optically induced motion of
fluids, Phys. Rev. A 90, 033801 (2014),
http://kirkmcd.princeton.edu/examples/EM/leonhardt_pra_90_033801_14.pdf

[279] M. Mansuripur, The Charge-Magnet Paradoxes of Classical Electrodynamics, P. SPIE
9167, 91670J (2014), http://kirkmcd.princeton.edu/examples/EM/mansuripur_pspie_9167_91670J_14.pdf

[280] M.J. Pineheiro, On Newton’s third law and its symmetry-breaking effects, Phys.
Scripta 84, 055004 (2014), http://kirkmcd.princeton.edu/examples/EM/pinheiro_ps_84_055004_11.pdf

[281] M.E. Crenshaw, Continuum electrodynamics and the Abraham-Minkowski momentum
controversy, P. SPIE 9548, 95480J (2015),
http://kirkmcd.princeton.edu/examples/EM/crenshaw_pspie_9548_0j_15.pdf

[282] B.A. Kemp, Macroscopic Theory of Optical Momentum, Prog. Opt. 60, 437 (2015),
http://kirkmcd.princeton.edu/examples/EM/kemp_po_60_437_15.pdf

[283] B.A. Kemp and C.J. Sheppard, Physics of electromagnetic and material stresses in
optical manipulation, P. SPIE 9548, 95480L (2015),
http://kirkmcd.princeton.edu/examples/EM/kemp_pspie_95480L_15.pdf

[284] M. Mansuripur, Electric and Magnetic Dipoles in the Lorentz and Einstein-Laub For-
mulations of Classical Electrodynamics, P. SPIE 9370, 93700U (2015),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_pspie_9370_9370U_15.pdf

[285] M. Mansuripur, Energy and linear and angular momenta in simple electromagnetic
systems, P. SPIE 9548, 95480K (2015),
http://kirkmcd.princeton.edu/examples/EM/mansuripur_pspie_95480K_15.pdf
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