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MOMENTUM OF AN ELECTROMAGNETIC WAVE
IN TIME-VARYING DIELECTRIC MEDIA
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In the context of the Abraham—Minkowski controversy, the problem of
the propagation of electromagnetic waves in a linear dielectric medium with a
time-varying dielectric constant is considered. It is shown that the momentum
of an electromagnetic wave in the form of Minkowski is preserved with an
instantaneous change in the dielectric permittivity of the medium. At the same
time, the Abraham momentum is not conserved, despite the spatial homogeneity
of the problem. This circumstance is interpreted as a manifestation of the
Abraham force.
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Introduction. While electromagnetic waves propagating in a vacuum are a
self-sufficient form of materia, propagating in a medium, they acquire a “mechanical”
component. This is in the sense that electromagnetic waves in a material medium are
characterized not only by electric E and magnetic H fields, but also by an electric
displacement D and a magnetic induction B. And last two, as is known, in addition to
the electric and magnetic fields, partly also represent the material medium through the
polarization density P and magnetization density M:

D=E-+4zP, B=E-+4zM.

The problem of the Abraham—Minkowski controversy is actually connected
with this dual nature of electromagnetic waves propagating in a ponderable medium. In
the general case, we are talking about the correct expression for the energy—momentum
tensor of an electromagnetic field in a medium. In a more particular case, the problem
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can be formulated as follows: how does the momentum of an electromagnetic wave
(photon) change when crossing media with different dielectric permittivities and
magnetic permeabilities? From the expression proposed by Abraham [, 2] it follows
a momentum of U /nc for the momentum of a light pulse of energy U propagating in a
medium of refractive index n. While the tensor constructed by Minkowski [3] predicts
a momentum of Un/c.

Many studies [4—8] have been developed in favor of one or another approaches,
but due to the absence of undeniable arguments supporting one over another of the
proposed formulations of the energy—momentum tensor of an electromagnetic field in
a medium, debate is ongoing.

In this article, we make a preliminary report on some observations about the
momentum of an electromagnetic wave propagating in a dielectric medium with a
time-varying permittivity.

Sudden Change of the Dielectric Permittivity. The problem of propagation of
electromagnetic waves in a linear dielectric medium with a time-varying permittivity,
was first discussed by F.R. Motgenthaler in 1958 [9]. In this section, following the
article [10], we present some formulas that will be needed below. Gaussian units are
adopted.

Consider a linear, homogeneous, isotropic, non-magnetic (¢ = 1), and non-
dispersive dielectric medium. Let us assume that the dielectric constant at some time
instant 7y changes discretely from & (at ¢ < o) to & (att > ty). For these constant
values of the dielectric constant, the solution to the source-free Maxwell macroscopic
equations can be expressed in terms of plane monochromatic waves. For a wave with
an initial frequency ®;, = ck/+/€ and a constant amplitude D,

Din(r,1) = D(r,t < 0) = Djye €r=n") )

the sudden change of the permittivity gives rise to a superposition of two (transmitted
(T) and reflected (R)) waves

Dot (r;t) = D(r,1 > 0) = Dye '0r=0r1) 4 ppeitkr=oxi) 2)
propagating with opposite frequencies @y = —wg = ck/\/€ = @y, and distinct

amplitudes Dy and Dg. The frequencies of the initial and transmitted waves are related
via the relation [9]
Wipny = W N2, (3)

where n| = /€| and ny = /&, represent the refractive indices of the medium before
and after the change, respectively.

By calculating the Poynting vectors of the three waves (in, T, R), one can read-
ily find out that the waves on the right-hand side of Eq. 2 describe actual transmission
and reflection in space.

The relationship between the amplitudes of in, T, and R waves is established
using the continuity conditions at fy for the electric displacement and magnetic

induction: |
Woyr — Wi ny
Dr=Djp-2" %" _ “po(1-22 4
R in Zwout D) n < nl) ) ( )
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Dy = D, i 3D <1+Zf>. 5)

It should be noted that other boundary conditions are also used in the literature
[11-13], which require the continuity of the electric and magnetic fields. There is
no contradiction here, since these boundary conditions are mainly used to describe
the propagation of electromagnetic waves in plasma, while plasma can in no way be
regarded as a non-dispersive medium.

Momentum Conservation. Energy consideration of in,T and R waves has
been carried out in many articles, e.g. in [9, 10], where was revealed the character
of energy exchange between electromagnetic waves and a dielectric medium with
dielectric permittivity changing suddenly. In the same problem, consider the exchange
of momentum between a dielectric medium and electromagnetic waves.

Given the Minkowski form for electromagnetic wave momentum density

1
M
=—DXB, 6
g 4rc ©)
for in, T and R waves in Eqgs. (1) and (2), we get
2
M ’D in‘
o = ———Fk, 7
" A w,€ 0
2
M ‘DT’
= =1 8
81 = 40tz ®
D 2
= e Dr ©)
T Wou €2
According to Abraham’s formula for an electromagnetic momentum density
1
g'=—ExH, (10)
4rc
the very same in, T and R waves are characterized by the momenta
‘Dinyz
= Tk, 11
gﬁl ar Win €] (in
Dr|?
gr = Drf -k, (12)
AT Wy €5
Dg|?
gr= —|7|2 : (13)
AT Wy €5

Taking into account Eqs. 3-5, it is easy to check that the Minkowski momentum
is conserved —gM = g¥ + g/ while the Abraham momentum does not — g7, # g4 +g4.

Proceeding from the spatial homogeneity of the problem under consideration,
on the basis of this particular result, it seems that in the context of the Abraham—
Minkowski controversy, a decisive inference can be made in favor of Minkowski’s
expression for the energy—momentum tensor of an electromagnetic field in a dielectric
medium. However, another interpretation is also possible. Due to the spatial homo-
geneity of the problem, according to the well-known theorem of Noether, it follows
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not the law of conservation of electromagnetic momentum, but the law of conservation
of the momentum of the entire system, including the medium. Accordingly, if the
momentum of the electromagnetic wave is not conserved within the framework of
Abraham’s approach, then this is due to that while changing in the dielectric perme-
ability, the medium and the electromagnetic wave exchange not only energy, but also
momentum. At the same time, this means that the interplay between the electromag-
netic wave and the medium during the change of the dielectric permeability is of a
force nature. In fact, this is a manifestation of the Abraham force [7, 8].
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4. 4. &rPaNr3UL

ELeuS U UaLhPUNYUL WLhLP PUNMAFIUL JUUUWLUWYUD UBQ
PNONINN. FPELEUS UUUEL UPQUUUSCELNFT

Uppwhwd-Uhtynguynt hwjuunipjul hwdwpbpuypnid nhypupyjwd t dw-
dwluwlh dtg thnthnpuynn nhtblppujub puthwbgtihnipyudp gdwiht nhtjbky-
ppuiud dhewjuwypnud ftyyppuiwgqbhuwud whpbtph pupwddwb fubnhpp:
Bdnyg L ppjwd, np dhowduwyph nhhjityyppuiuwt hwupupmbh whipwuppwht
thnihnfunipywl wyuydwbbtpnud Uhtyndune ptiupny Eityppudwgihuwjub wh-
ph htyniyup ywhywiynd E: Uhtnyt dwdwbwl Wppwhwdh hdynijup sh yuwh-
wuiynt sbwywd fubnph pupudwluit hwiwubpnipyuip: Wu hwbqudwbpp
dtjowpwiymu £ nputiuv Uppwhwdh nudh npubinpnud:

K. K. 'TPUT'OPAH

MOMEHT SJIEKTPOMATHUTHOWN BOJIHBI B ANDJIEKTPUYECKIUX
CPEJAX, MEHAIOMNXCA BO BPEMEHU

B konrekcre nosemuku Abpaxama—MMHKOBCKOIO pacCMOTpEHa 3ajiada,
pPacCIpOCTpaHeHHsT SJIEKTPOMATHUTHBIX BOJIH B JIMHEHHONW JUIJIEKTPUIECKOM
cpejie ¢ U3MEHSIIOIIECsT BO BpeMeHH JIMJIEKTPUIECKOi MpoHuIaeMocTbio. [o-
Ka3aHO, UTO UMIIYJIbC 3JIEKTPOMATHUTHON BOJIHBI B (hopMe MUHKOBCKOIO cOXpa-
HAETC IPU MI'HOBEHHOM M3MEHEHHH JIUJIEKTPUIECKON IPOHUIIAEMOCTH CPEJIBL.
B To ke Bpemst mmirysibc AGpaxama HE COXPaHSIETCsI, HECMOTPsT HA IPOCTPaH-
CTBEHHYIO OTHOPOIHOCTD 33JIa9l. DTO 0OCTOATEILCTBO TPAKTYETCHA KaK IIPOsi-
BJIeHIE CHJIBI AGpaxama.
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