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We show that the Einstein-Laub formulation of electrodynamics is invalid since it yields a stress-
energy-momentum (SEM) tensor that is not frame invariant. Two leading hypotheses for the kinetic
formulation of electrodynamics (Chu and Einstein-Laub) are studied by use of the relativistic prin-
ciple of virtual power, mathematical modeling, Lagrangian methods, and SEM transformations.
The relativistic principle of virtual power is used to demonstrate the field dynamics associated with
energy relations within a relativistic framework. Lorentz transformations of the respective SEM
tensors demonstrate the relativistic frameworks for each studied formulation. Mathematical model-
ing of stationary and moving media is used to illustrate the differences and discrepancies of specific
proposed kinetic formulations, where energy relations and conservation theorems are employed.
Lagrangian methods are utilized to derive the field kinetic Maxwell’'s equations, which are stud-
ied with respect to SEM tensor transforms. Within each analysis, the Einstein-Laub formulation
violates special relativity, which invalidates the Einstein-Laub SEM tensor.

PACS numbers: 03.30.+p, 03.50.De, 45.20.df, 42.25.Gy

I. INTRODUCTION

The momentum of light in media remains one of the
most controversial topics in physics [1-6]. The debate has
continued for more than a century since H. Minkowski
and M. Abraham formulated 4 X 4 energy-momentum
tensors in the early 1900’s [7-9]. Attention has focused
on differing forms of the electromagnetic momentum den-
sity in media. Minkowski proposed Gy = D x B to be
the momentum density, where D is the electric displace-
ment and B is the magnetic induction [7]. Soon after,
Abraham suggested a more symmetric approach, yield-
ing G4 = E x H/c? as the momentum density, where E
and H are the electric and magnetic fields, respectively
and c is the speed of light in vacuum [8]. A number of
experiments have been reported seemingly in favor of one
form or the other [10-16].

In 2010, Barnett’s resolution to the photon momen-
tum controversy identified Abraham’s momentum as the
kinetic momentum and Minkowski’s momentum as the
canonical momentum [19]. Consequently, the Abraham
momentum is responsible for the overall center-of-mass
translation of a material, while the Minkowski momen-
tum predicts translations within or with respect to the
medium [4-6]. Equivalence between the two is shown
by determining the total energy-momentum tensor since
division into material and electromagnetic components
is believed arbitrary [2]. It is the misinterpretation of
such arbitrary divisions that can lead to erroneous predic-
tions. Therefore, a complete resolution of the Abraham-
Minkowski debate must include a complete description
of the kinetic subsystem of electromagnetics which pre-
dicts center-of-mass translations due to electromagnetic
fields [6]. However, the Barnett resolution only identified
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the kinetic and canonical momentum densities, whereas
the original debate is in regard to the 4 x 4 energy mo-
mentum tensor.

In light of this, another well-known SEM tensor was
also proposed in the first decade of the last century by
Albert Einstein and Jacob Laub [20]. The Einstein-Laub
tensor, like the Abraham and Minkowski tensors, utilizes
the Minkowski fields, and it shares the Abraham mo-
mentum density. Significant theoretical work has been
presented over the last century pertaining to the electro-
dynamics of moving media, and the focus of the analyses
has clearly been biased toward the relativistically invari-
ant Minkowski, Chu (i.e. EH representation), and Ampe-
rian (i.e. EB representation) formulations [21-24]. The
question of relativistic invariance of the Abraham formu-
lation has only recently been answered [25-27], while the
same question regarding the Einstein-Laub formulation
has yet to be addressed. A cursory review of recent liter-
ature reveals that the Einstein-Laub formulation remains
popular in scientific application [28-32]. This is, in part,
due to the indistinguishability of the various formulations
for computing total force and stress (i.e. material plus
electromagnetic) in the quasi-stationary limit [24].

In this correspondence, we employ the fundamental
tenets of special relativity to study the kinetic subsys-
tem of macroscopic electromagnetics. Using the math-
ematical framework of relativistic principle of virtual
power (RPVP) we uniquely derive and review the as-
sociated stress tensor and momentum density from the
shared energy relations between the Einstein-Laub and
Chu formulations. It is shown that the kinetic momen-
tum density and Chu stress tensor naturally derive from
the energy relations, where the Einstein-Laub does not.
The stress-energy-momentum (SEM) tensors represent-
ing both formulations are analyzed using Lorentz trans-
formation laws while further investigating the invariance
properties with respect to field transformations. Mathe-
matical models for stationary and moving media are de-



rived, demonstrating the kinetic properties of the Chu,
Einstein-Laub, and Abraham formulations with respect
to energy relations and conservation theorems. Lastly,
Lagrangian methods in conjunction with scalar and vec-
tor potentials allow for the derivation of the field kinetic
subsystem, which is recast into matrix form and stud-
ied relativistically. In each of these demonstrations, it
is shown that the Chu formulations transform relativis-
tically between inertial reference frames.

II. FRAMEWORK

In 1953, Balazs presented a simple Gedankenexper-
iment to determine the kinetic momentum of a pulse
of light by considering center of mass-energy conserva-
tion [33]. This was accomplished by considering an opti-
cal pulse with initial free space momentum p; = €/c inci-
dent upon an impedance matched slab (\/p/€ = /10/€0)
of thickness d initially at rest. The optical pulse is slowed
with respect to an alternate vacuum propagation path
by the length L = (n — 1)d due to the reduced velocity
within the slab, having refractive index n = ¢,/en. Con-
servation principles require that the slab acquire some
linear momentum giving rise to a material momentum
pm = £(1 — 1), Here, momentum conservation requires
the momentum of the pulse of the light be the Abraham
momentum p = %%, corresponding to the kinetic mo-
mentum density G F, = eopoE x H. Consequently, this
result mathematically excludes other forms, such as the
Liven’s momentum, G, = ¢oE x B, which is commonly
tied to the Amperlan formulation [6, 23, 34], and the
Minkowski momentum, Gj; = D x B, from being the
kinetic momentum of light [4, 6, 19]. We emphasize that
this assertion is only in regard to the interpretation of
the Amperian and Minkowski SEM tensors and does not
imply a lack of translational invariance.

Of the leading formulations [6], three formulations uti-
lize the prescribed kinetic momentum density model: the
Abraham formulation, the Einstein-Laub formulation,
and the Chu formulation. Table I lists the leading field
kinetic formulation candidates. However, when modeling
the kinetic subsystem, it is unknown which formulation
generates the true physics of the electromagnetic subsys-
tem, thereby satisfying conservation theorems,

fr. =0-[Tp,. —icGr,] (1a)

po=0- [—3§Fk,WFk} : (1b)
C

where 7 = —T as used in [6,23],0 = [V, %], and sub-
script Fj, denotes the field kinetic subsystem, rendering
the field kinetic SEM tensor as

T o 7:-Fk —iCG'F,c
Fi SFk WFk

(2)

Tensors lacking relativistic invariance cannot be
energy-momentum tensors. This fact is a fundamental

tenet of modern physics. For example, consider a region
of space occupied by ponderable media, which may be
described locally by a mass density and a velocity field.
Regardless of how a system of coordinates is assigned,
the local momentum vector may vary with position and
time. In typical optical manipulation experiments, this
may be due to motion of a submerging fluid and/or the
presence of multiple particles or cells. The inability to
measure relativistic effects in any particular experiment
by our present instrument capabilities, however, does not
preclude the fundamental laws of physics from holding
true. Relative motion within media and the laboratory
frame will generally exist. We demonstrate such relative
motion via mathematical modeling in Sec. IV, and we
maintain that it is essential that the laws governing the
physics of the system remain invariant.

Recent reports have addressed the lack on relativis-
tic invariance while employing the Abraham energy-
momentum tensor [25-27]. This, consequently, is due
to both the Abraham and Minkowski energy-momentum
tensors sharing field expressions for power flux, energy
density, and stress tensor, while the momentum density
definitions differ. Simply stated, this imposes that both
formulations utilize identical electromagnetic energy re-
lations, however each predict independent force expres-
sions within the subsystem. At least one of the two for-
mulations cannot be a valid energy momentum tensor,
and due to previous research, the Abraham formulation
demonstrates inconsistencies within relativistic transfor-
mations [25-27]. Thus, we can dismiss the Abraham for-
mulation as a candidate for the kinetic SEM tensor.

Using the above rational, we present a similar argu-
ment for the Einstein-Laub and Chu formulations, where
both share definitions for the energy density, W, power
flux, S, and momentum density, G, , but dlffer in the
deﬁmtlon of both the stress tensor and electromagnetic
field definitions. This stems from the interpretation of
Maxwell’s equations where both formulations possess the
following relations,

VXH—GO(?;E: . (3a)
H _
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6t_
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The Einstein-Laub interpretation directly divides the
Minkowski formulation, composed of field values Dy,
B, En, and H M, into ﬁeld and material components by
field definitions Dy = egEn + Py and By = po(Har +
Myy), where subscript M denotes the Minkowski elec-
tromagnetic field values. As a result, the Einstein-Laub
effective electric and magnetic current and charge densi-



TABLE I. Table of leading formulations of electrodynamics.

G(r,1) T(r,t) Wi(r,t) S(7,t)
Chu® copo B x H % (60E2 + H0H2) I - eEE —puoHH % (60E2 + M0H2) Ex H
Einstein-Laub® E()/_L()E x H % (€0E2 + ,ugI:I2) I - DE— BH % (50E2 + ,U,()Hz) Ex H
Abraham? cono B x H i(b-E+B-H)I-DE- BA 1(D-E+B-A) ExH

@ Chu field transformations are used to describe moving contributions [21, 22, 36].
® Minkowski field transformations are used to describe moving contributions [21-23].

ties are given as [32, 35]

~ 9Py | -

Je = ot +Jy (4&)
. oMy
Jm = Mo 312 (4b)
pe=—V Py +ps (4c)
pm = —poV - M, (4d)

where j ¢ and ps representing the free current and charge
density of the system. Thus, the electric and magnetic
field components are represented by the Minkowski Ej;
and H); fields, which comprise the Einstein-Laub elec-
tromagnetic formulation.

Alternatively, the Chu formulation, composed of field
values E¢, He, Peo, and M, idealizes interrelated elec-
tric (F) and magnetic (H) fields, where material bodies
contribute towards the prescribed electromagnetic fields
by acting as source values [21, 36]. Thus, the Chu effec-
tive electric and magnetic current and charge densities
are given as

- 0P, _ _
Jeza—tc-l—VX(chﬁ)-l—Jf (5a)
- OM, _
I = Moa—tc + oV x (MC X ’U) (5b)
pe ==V -FPc+py (5¢)
pm = —poV - Mc, (5d)

where subscript C' denotes values from the Chu formula-
tions. Comparing the two formulations, it is questioned:

1. which field and material interpretation is the true
physical electromagnetic interpretation

2. which stress tensor and momentum density is tied
to the shared energy relations prescribed by both
formulations.

Consequently, this discrepancy clouds the idea of the true
kinetic representation of light within media. Thus, we
present a number of arguments to distinguish which of
the two leading kinetic formulations, Chu or Einstein-
Laub, is the valid interpretation of the electromagnetic
system.

From here forward, we omit subscript notation for de-
noting the Chu and Minkowski field definitions, and in-
stead state when each field representation is used.

III. RELATIVISTIC ANALYSIS
A. Relativistic principle of virtual power

The relativistic principle of virtual power is derived
from the fundamental tenets of the principle of virtual
work, where the force of a system is derived via the
amount of work put forth along the path of a parti-
cle [21]. Expanding these basic tenets, the relativistic
principle of virtual power utilizes prior knowledge of a
system’s power flux, power density, and energy density to
derive the associated system dynamics. The expressions
for these relations must be valid even if the material is ac-
celerating and/or deforming. By using valid transforms
(i.e Lorentz transformation) along with prescribed defi-
nition and manipulations of the power expressions, the
force density, stress tensor, and momentum density are
derived for the corresponding subsystem. The relativis-
tic principle of virtual power is expressed mathematically
as [21]

: 50 oo\’ fow\°
(V~SO)O+7~<6—1}> +< 8t> + WO (V-5)° =

= -7 (Vo) - G°- (%)O (6)

where superscript 0 denotes values within the arbitrary
reference frame to the first order velocity value [21]. Ad-
ditionally, the operator : signifies the dyadic dot product,
also known as the double dot product with respect to the
dyadic matrix.

As one would expect, transformation from one inertial
frame to another requires prescribed Lorentz transforma-
tion laws. Here, we employ both Chu and Minkowski field
transformations (1) to not assume a specific electromag-
netic formulation and (2) to derive the system dynamics
tied to the shared energy relations in the moving frame,

50 — B9 x f° (7a)

LW:%@E%@+MHVH% (7b)
Here, the question is which interpretation of the elec-
tromagnetic fields correctly describes the electromag-
netic subsystem involving the given energy relations. In
the following subsections, we apply each respective field
transformation to uniquely derive the electromagnetic



stress tensor and momentum density associated with each
field representation.

1. Minkowski field analysis

By use of Egs. (7) and Eq. (1b), the Einstein-Laub en-
ergy relations are employed to derive the electrodynamic
forces via the method of RPVP. Applying the first order
velocity vector field transforms [21],

E'=E+9xB (8a)
HY— H—5xD (8b)
_ _ OxFE
BozB—“:2 (8¢)
_ _ px H
DO:D+UC2 , (8d)

the energy relations are rendered such that
S°=ExH+[(vxD)x E|+[(vxB)x H (9a)
WO = %(EOEQ +poH?) = 0-[eE x B+ poD x H,
(9b)
where higher order velocity terms have been omitted.

Substituting Eqgs. (9) into the left hand side of Eq. (6)
results in the following relation

Q"= [V-{Ex H+|[(v x D) x E|+[(v x B) x H}]°

E°x HY (ov\° _, [0cE\’
+7(5> +E<W)

_o (ouwHN" [ov\’ , _, -
(U _ e . 0 0
+ H < 6t ) (‘% (60E X B

+ 1D x ) + (%OEO B0+ BRC H) (V- 5)°

+E°- 2+ H- T (10)

By use of vector properties in conjunction with Poynt-
ing’s theorem, one finds Eq. (10) to render,

T0 = DO-EO—%E0~E°+B°-HO—%H~HOF
_DOEO _ RO O
GO :E()EO X BO—F,UJoD X H—EOILL()EO X HO.

(11a)
(11Db)

The resulting stress tensor and momentum density do
not transform to the Einstein-Laub formulation. Conse-
quently, we are unaware of any reported stress-energy-
momentum tensor that includes the stress tensor and
momentum density relations presented in Eq. (11). Fur-
thermore, the transformed momentum density is not con-
sistent with the kinetic form of the momentum density,
and cannot be considered as a kinetic representation of
electrodynamics.

2. Chu field analysis

Here, we present an abbreviated analysis of the Chu
field while employing the RPVP methods. This allows
for comparison between the Chu and Einstein-Laub in-
terpretations. However, the full treatment of the Chu
analysis is given in Ref. [21].

Using the Chu transformation laws to the first order
velocity term [21],

E'=FE 47 x uoH
H°=H — % x ¢F,

(12a)
(12b)

the energy relations are rendered such that [21]
SY=FEx H+[(vx eF) x E] + [(0 x poH) x H]J
(13a)

20 (13b)

1 L

wo = 5(60E2 + poH?) — = [Ex H],
where higher order velocity terms have been omitted.
Substituting Eqgs. (13) into the left hand side of Eq. (6)
results in the following relation [21]

Q' =[V-{Ex H+[(v x eE) x E] + [(v x poH) x H|}]°
E°x HY (o0\" _, (0cE\’
(&) - (5)
=\ 0 _\ 0 = 7\ O
Lo (mHN' L (0\' (ExH
ot ot c?
g0, g4 Moo 7o) (v . 5)°
+(2E B+ 2h 1) (V -5)
+E" J 4+ HO- D, (14)

By use of vector manipulations and Poynting’s theorem,
one finds Eq.(14) to render [21],

T0 — [%OEO CE° 4 %H CHO| T — egE°E° — 1o HOH®

(15a)

(_;0 = EouQEO X E[O, (15b)
which is the Chu stress tensor and momentum density
within the arbitrarily moving reference frame. This indi-
cates that the Chu energy-momentum tensor transforms
correctly between inertial reference frames. However, fur-
ther justification will be presented in the next section,
where we provide relativistic analysis of the SEM ten-
sors, further demonstrating the mathematical differences
between the Chu and Einstein-Laub formulations.

B. Invariance of SEM components

It is well known that physical laws describing a system
are relativistically invariant and transform between iner-
tial reference frames. Here, we applying this concept to
a generalized SEM tensor while considering two frames
of reference, S and S’ such that S’ moves with velocity v



along the z-axis with respect to S. The SEM tensor, rep-
resented in the rest or moving frame, S, takes the general
form,

Tow Tyny Ty icGy
| Tye Ty, Ty. icGy
Saﬁ o zZT TZy TZZ ZCGZ ’ (16)

iSy/c 1Sy/c iS;/c W

Transformation from the S frame to the moving frame,
S’, invokes the following relations:

Tl =32 (Tua + B(Se /e + ¢Gy) — BW)  (17a)
Tyy = Tyy (17b)
T,,=T.. (17¢)
Tyy = Y(Tuy + BSy/c) (17d)
Tyy = V(Tuy + cBGyc) (17e)
T,, = Y(Tez + BS-/c) (17f)
T,, = Y(Tez + ¢SG-) (17g)
Ty. =Ty (17h)
T, =Ty (17i)
iSh /e =—4? (icGy +iB(Tuw — W) + B82S, /c) (17])
icGly = —7* (iSe/c +iB(Toe — W) +icS>G,) (17Kk)
iS;/c = —iv(Sy/c+ BTuy) (171)
icG, = —iy(cGy + BTyy) (17m)
iS, /e = —iy(S./c+ BTyz) (17n)
)

icG’, = —iy(cG, + BTyy) (170
W' =~+2(W — B(Sy/c+ cGy) — TuafB?),  (17p)

where 3 = v/c and v = (1—)~/2. For the remainder of
this subsection, we review the prospective Einstein-Laub
and Chu formulations with respect to the Lorentz trans-
forms of the Chu and Minkowski equations. This will
demonstrate the relativistic transformations of both for-
mulations with regards to each field interpretation, which
ultimately demonstrates the invariance of the force and
power densities of each formulation, corresponding to the
energy and momentum described by each formulation.

1. Chu field analysis

The Chu Lorentz transformation laws for field vari-
ables E, H, P, and M from the moving frame to the
laboratory frame are given by [21, 36]

E_'/ZE_‘H-I—’Y(EJ_-FT)XMQE’) (18a)
H/ZHH—F’}/(HJ_—T)XG()E) (18b)
_ _ ox (Pxv*

P A (P g
_ _ _ o x (M x v*

where v is the velocity of the unprimed frame and v*
is the velocity of the electromagnetic material. Here,

defining v = 0" = Zw, the Lorentz transformations of
the Chu field values are given as

E, =E.
E, =~(E, + cpofHY)

19a)
)

—~ o~
—
Ne)
=3

E. = ~(E. — cuoH,) (19¢)
H,=H. (19d)
Hy = y(H,, — ceoBEL) (19¢)
H. =~(H. + ceoSE,) (191)
P, =P, (19g)
P, =+P, (19h)
P, =P, (191)
M, = M, (19))
M, =M} (19K)
M, =M. (191)

Considering the Chu formulation, the components of the
SEM tensor are

S_Exil (20a)
—_—
1 _ _
W:§(€QE'E+MOH'H) (20c)
Top = e0EoEg + poHoHg — 008W. (20d)

Due to the discrepancies between the stress tensor, we
look to transform the field values within the moving
frame back to the stationary frame, demonstrating the
relativistic invariance (or lack there of) of the stress ten-
sor of each formulation. Thus, employing Eq. (17a) and
Egs. (20),

c
1 o o
—S 1+ BB B+ pofl 1)), (21)
Expanding the scalar and vector products,

EoE . E + ‘LL()H . H = E()EIEI + EoEyEy + GOEzEz
+ poH Hy + ,LLOHyHy + poH . H,
(Ex H), =E,H, — E,H,

and employing the Lorentz fields in Egs. (19), we find
EoE ) + ,U()H -H = EoE;E; + ,U()H;H;

+ ’yz |:(1 —+ [‘32)(60E;E; + EoE;E; + ,lLoH;H;J

+ 0 HLHY) + Ao, H — ELI) | (220)

2 2
wxmrwhuwx%m—&%Hﬁ@%%

+ EQE;E; + /L()H;H; + MQH;H;):| . (22b)



Substituting Egs. (22) into Eq. (21) renders

1 2
Tl =7 |50 = B0 ELE, + poHLH,, — < (1 - 3°)°

X (eoE;E; + EoE;E; + ,UOH;H:; + ,U()H;H;)
= EoE;E; + /L()H;Hg/c + 6mmW/ (23)

As can be seen, the Chu stress tensor remains unchanged
when transformed to the S’ frame, demonstrating rela-
tivistic invariance. Here, we note that additional manip-
ulation of the remaining expressions in Egs. (17) provide
the desired relativistic transformations.

For completeness, we repeat the previous derivation for
the Einstein-Laub formulation while employing the Chu
fields. However, we note that the Einstein-Laub formu-
lation was originally formulated with Minkowski fields.
Thus, the Einstein-Laub stress tensor under the Chu field
representation is given as

Tap = (EOE + P)aEﬁ + ,LL()(H + M)aHg — 5aﬁW,(24)
where S, G,, and W retain the form presented in

Egs. 20. Using standard field definitions, along with the
Einstein-Laub values render Eq. (17a) as

T, =~ [(eoEm + P)E, + po(Hy + My)H, + 2%
>quﬁM—%u+5%@E.E+mﬁiﬂpm
Plugging Eqgs. (22) into Eq. (25) renders
T,,=¢cE,E, + poH, H, + 0. W'
+ 7% (PLE, + po My Hy). (26)

It is easily seen that the additional material components
included within the dyadic product of the Einstein-Laub
stress tensor do not transform relativistically, thereby
proving that the SEM tensor provided by Einstein-Laub
formulation as an invalid representation of electrodynam-
ics while using the Chu fields.

2. Minkowski field analysis

The Lorentz transformation laws for Minkowski field
values F, H, D, and B are given as [21, 37|

E ZEH-I—’Y(EJ_-F@XB) (27a)
H :HH—I—"Y(HL—EX 7) (27D)
_ v x P
D —D|+’Y<DJ_+UC2 ) (27¢)

_ _ o x M
B _B|+7(BJ_— 2 ) (27(31)

Asserting v = v, the Lorentz transforms for the
Minkowski fields are given as

E,=FE., (28a)
E, =~(E, + c¢BB.) (28b)
E. =~(E. — cpB,) (28¢)
H,=H, (284)
Hy =~(H, — D) (28¢)
H. =~(H + cBDy) (28f)
D, =D (28g)
Dy =~(Dy, + BH_/c) (28h)
D, =~(E. — BH,/c) (281)
B, = B, (28)
By =~(H, - BE./c) (28k)

(281)

Here, we utilize the previously defined SEM components
Eq. (17a), Egs. (20a - 20c¢), along with

Taﬁ = DaEB + BQHB — 6QBW, (29)
such that
A (DzEx v B H, + 22 (B x i),
c

—%(1+62)(60E'E+N0£"ﬁ))' (30)

Expanding the scalar and vector products while employ-
ing the Lorentz field transformation Eq.(28), we find

€0E - E + poH - H = egELE, + poH,H,
+f%wﬁﬁmaa+m%%+mmm)
+ 2B (0B} B, + e BB, + po D), D', + jig D, D.)
+2¢B{(eoE" x B')y + (D" x ,UOH/)x}:| (31a)

(B x ), =~ [(Ef « 1), + 2F(D % B)
T eB(H,B, + H.B, + E,D! + E;D’z)} (31b)
Plugging Egs. (31) into Eq. (30) gives
T, =9° [E;D; + H!B! + @{(E’ x H'),
+ ?B*(D' x B') + ¢B(H, B, + H.B. + E, D,
+ BLD0} - 50+ ) @BLEL + oL

+ 72 (o By By, + e ELEL + poH, H,, + poH_H.)
+ ¢?%(e0 By, By, + €0 BLB. + 1Dy, D, + oD, D’,)

268 {(coB' x B')o + (I x MOE’)m}}H, (32)



Eeggjo,;.o €, [
P 000
— L - _ | .
. e ]

velocity

Region 2

FIG. 1.

dielectric halfspace with refractive index n = e;z07 moving

A plane wave normally incident on a magneto-

with velocity v = zt.

which doesn’t transform to the Einstein-Laub formula-
tion in the moving frame using the Minkowski field val-
ues. However, for the reader, it is easy to validate the
expression given in Eq. (32) as the Einstein-Laub for-
mulation by taking § — 0, which, as one would expect,
renders Eq. (29). Additionally, this result indicates that,
while utilizing both the Chu and Minkowski field values,
the Einstein-Laub formulation is an invalid interpreta-
tion of electromagnetics. This is due to untransformable
SEM values, of which constitute the force, power, energy,
and momentum of the electromagnetic subsystem.

IV. MODELING

In this section, we utilize the Chu, Einstein-Laub, and
Abraham formulations to demonstrate the electromag-
netic force and power distributions, further illustrating
the discrepancies within the prospective kinetic formula-
tions. In doing so, we evaluate the electromagnetic in-
teractions with a linear, lossless, nondispersive magneto-
dielectric material for both the stationary and moving
material cases. This allows for discussion with respect
to each electromagnetic formulation, where conservation
theorems and the subsystem concept, as presented in
[21, 22], are utilized.

A. Stationary analysis

Consider an electromagnetic wave normally incident
from vacuum onto a linear, lossless, nondispersive
magneto-dielectric halfspace, as seen in Fig. 1. Here the
incident, reflected, and transmitted field values, along
with the reflection and transmission coefficients are pre-
sented in Appendix A. The material is stationary, and is
held at a constant velocity v = 0 by an external mechan-
ical force. We note that for the stationary analysis, the
field definitions for any representation of electrodynamics
are equivalent. With this, we employ the time average
force and power relations via the subsystem concept for

each respective formulation,

<Fj>—///v V(i) = b da-(T)
(Py) = ///V Wip) = b da-(5). (33b)

where f=0and ;pj = 0 for all system partitions
j. Utilizing Table I, the Abraham force at the boundary
interface is rendered as
<FAbr> —i‘Uo[l +R% — ErT2]
2Up(n? — 2np, + p?)
-
(n+ pr)?

and the Einstein-Laub and Chu force as

(33a)

, (34)

_ _ X 1 n?
(Feny) = (Fr) = —&Ug [1 + R? — 5 <1 + —2> T2]

= 30, (35)

where ¢, and p, are the relative permittivity and per-
meability of the magneto-dielectric medium, with n =

et and Uy = % Utilizing Eq. (33b) in a similar
fashion yields

)= P ) =t~
=0 (36)

for each kinetic formulation. These results are consistent
with previous related research [23, 24, 45], and global en-
ergy and momentum conservation laws. However, closer
inspection of the stationary conservation statements re-
veal trivial results for each electromagnetic formulation.
This can be shown by employing the standard power re-
lation (F.) - © = P, with v = 0, validating any electro-
magnetic force expression, where by conservation theo-
rems (Fpeen) = —(F.). Simplify stated, this relation
holds because the stationary time average electromag-
netic power, as demonstrated in Eq. (36), always renders
zero net power flow, where the electromagnetic force can
be arbitrarily defined and validate the system. This illus-
trates that stationary media analysis alone is insufficient
for determining the kinetic subsystem [22, 24]. Other
conclusions from the present stationary analysis are fur-
ther discussed in the latter sections of this correspon-
dence.

B. Moving analysis

Now, consider an electromagnetic wave normally inci-
dent from vacuum onto a moving, linear, lossless, nondis-
persive magneto-dielectric halfspace, as seen in Fig. 1.
Here, the constitutive relations of the moving material
are transformed from the moving frame to the labo-
ratory frame, rendering bianisotropic material parame-
ters [23]. Employing the moving material constitutive

relations and the kDB system, wavevector k and the



Minkowski fields are generated for relativistic analysis,
where the methods are demonstrated in [22, 23], and in
Appendix B. Additionally, the Chu fields are generated
by using field transformation laws, along with the derived
Minkowski fields, and are expressed in Appendix B.

In evaluating the moving system, we employing the
subsystem concept [21] in conjunction with the jump con-
dition provided by kinematic theory [38]. This yields the
time average force and power relations for moving media

as
() =~ b aa-{(T) - 06}
() = b da-{(5,) 0wy},

where > fi =0and Y ;%5 = 0 by conservation laws,
as previous. Within the analysis, two subsystem are con-
sidered: electromagnetic and mechanical. Here the elec-
tromagnetic subsystem is individually modeled by each
leading kinetic formulation, where the mechanical sub-
system retains a constant material velocity as per rela-
tivistic constraints. Now, application of Egs. (37), formu-
lation specific SEM components, and the associated field
definitions in Appendix B render the Abraham force and
power as

(37a)

(37b)

(Favr) = —#l(Fapr)] + 0(Gape)] = —i 2000 L5

(1-5)
(n® = 2npp(n + B(1 —n?)) + pw?)
) CEAE (382)
(Pair) = =S 0r)] + W) = 22D
cB(n? — 2npy, + pi?)
CESTAE (38b)
the Einstein-Laub force and power as
2Uo 3

(Fpr) = —&[(Tee)] +o[(Gre)] = T AR )

< [<2ﬁ2nu;<1 C02) 2 — (2 — )

—B(n* 4 p? +n*(1 — 4y + ui?))}

2Uocﬂ
(1= B)2(n + pi)?

x [Wﬁ T U2B)(B+ 20— n28) — 2(n? + 12)

(39a)

(Ppr) = —[(SeL)] + v[(WeL)] =

—2nul (8 —2n + nQﬂ)] (39h)
and the Chu force as

(Fona) = #[(Tena)] + v[(Genu)] = 20 (40a)

(Ponu) = =[(Scnu)] + v[(Wenu)] =0, (40b)

where superscript / represent material parameters in the
moving frame. Plots of the force and power distributions

Xlo-lz T T T T T
16 = ; ]
—— (Feha)
14 (Fapr) :
—— = (For)

12 H g

10 g
—
. sf i
s -
s oof e ~ i
~ // = ~N
= af S 1
S s N ]

AN
0 N\
N
2+ N
N
N
4t o
L L L L L b
0.8 0.6 0.4 0.2 0 0.2

(a)The electromagnetic force on the moving material, with the
normalized velocity ranging from —1 to 1/n.
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(b)The electromagnetic power on the moving material, with the
normalized velocity ranging from —1 to 1/n.

FIG. 2. The electromagnetic (a) force and (b) power versus
velocity for the leading kinetic formulations are presented for
a moving magneto-dielectric halfspace. Here €. =5, u.. = 3,
n = /e, with § = 2 as the normalized velocity.

for each formulation are demonstrated in Fig 2. Here,
the mechanical force and power used in maintaining the

system is (Frecn) = —(Fe) and (Ppecn) = —(Pe) by con-
servation theorems. This implies (F,)-o = (P.) must hold
for each individual electromagnetic formulation. Apply-
ing this to each derived moving system, however, demon-
strates neither the Abraham or Einstein-Laub equations
possess valid conservation expressions within the system,
as can be seen in Fig 2(b). At least one of the force or
power expressions resulting form both the Abraham and
FEinstein-Laub expressions are incorrect, leading to in-
valid electrodynamic representations within the system.
In contrast, the Chu formulation provides valid results for
the kinetic force and power expressions, further demon-
strating the correct electrodynamics in all inertial refer-
ence frames.



V. LAGRANGIAN

Hamilton’s variational principle provides a systematic
process for deriving the equations of motion and con-
servation laws for a physical system from a postulated
Lagrangian density, where the use of a generalized La-
grangian produces consistent dynamics within a closed
system. The Lagrangian density is formulated by [39, 40]

L=Lpr+L;+ Ly (41)

where Lp, L7, and Lj; are the electromagnetic field,
field-matter interaction, and matter Lagrangian densi-
ties, respectively. The energy and co-energy functions
are defined in terms of the electric and magnetic field
vectors E/ and H consistent with the shared energy and
momentum relations, which leads to the invariant expres-
sion for the electromagnetic field Lagrangian density [21]

€0, =2 MO 2
Lr=—|E|"— —|H|". 42
p= 1B - 2m (42)

To allow for the accurate partitioning of field and
material subsystems, we reserve discussion of the mat-
ter Lagrangian density L3, to a latter correspondence.
In general, however, Ly, will depend upon the model
used for the material, and examples of causal mate-
rial models have been given for dielectrics [41] and
magneto-dielectrics [42]. With a vector potential struc-
ture previously applied to describe systems with mag-
netic monopoles [43] and to model radiation using the
equivalence principle [44]

Be-va, - Lyxi,-4n (43a)
€0 ot
_ 1 - 0A
H=-V®,, + — A, — —=, 43b
Vo, + /Lov X Y (43b)

the field-matter interaction Lagrangian density is defined
to include electric and magnetic interaction terms

Lr=—pe®et+ o A+ pm®@p + T - A, (44)

where J. and J,, are the effective electric and magnetic
current densities, p. and p,, are the effective electric and
magnetic charge densities, ®, and ®,, are the electric
and magnetic scalar potentials, and A, and A,, are the
electric and magnetic vector potentials.

The Euler-Lagrange equation [40] is given by the rela-
tion

d oL oL d oL

where the Lagrangian density is used to derive the dy-
namics of the subsystem. Thus, substituting the kinetic
Lagrangian density,

(45)

= 2
Lp, =2 <_v<1>e — Eiv X Ay — aAe)
0

2 ot

= 2
Ho 1 T aAm
5 ( V(I)m—i—uOVer 815)

- peq)e+je 'Ae+pmq)m+jm'Amv (46)

into Eq.(45) the kinetic form of Maxwell’s equations are
derived. For the electric scalar potential, we find the
Lagrangian with respect to ®. by

d oL oL d OC

- = - 47
dt 0(0D./0t) 0P,  dz; 0P, 47
to yield
d -
= —pPe —E
0 Pe + €0 iz
pe =€V - E (48)

Similarly, we find the Lagrangian with respect to the
magnetic scalar potential ®,, by yielding

d -
—H
Ho dz;

pm = poV - H (49)

O:pm_

Application of the Lagrangian with respect to the electric
vector potential, A., renders
d - d -
—eo—F =J., — (—ap;)—H
Eodt e; ( akgz)dzj

_ OF -
VxH—-e¢—=1J 50
€0 ot e ( )
where the permutation symbol g, is used. Lastly, the
Lagrangian in terms of the magnetic vector potential,
Ay, is found such that

d - d -
—po g H = Jm, + (_akji)d_ZjE
V x E—f—uoa—H = —Jm. (51)
ot

Collection of Eqs.(48), (49), (50), and (51) yields
Maxwell’s equations in terms of the E,H fields, as seen
in Eq. (3). Here, we must point out that the material
contributions J,, Jy., pe, and p,,, have yet to be defined,
of which, uniquely define the electromagnetic subsystem.
This invokes that specific field definitions, rendering the
physical interpretation and formulation of electrodynam-
ics, cannot be completely known. However, the electro-
magnetic framework has been derived, allowing for gen-
eralized field analysis of the electromagnetic subsystem.
Eqgs. (3) are easily recast into matrix representation

such that

r0 H, —H, —iceok,
| —-H, 0 H, —iceoky
Fos=| g _H, 0 —iceE.| ©%)
_iCEQEm iCEOEy iCEOEZ 0
r 0 —F, E, —icuoHy
B E. 0 —-E, —icuoH,
Yos =| _E, E, 0 —icpotl. | 1¥2P)
LicpoH, icpoHy icpoH, 0

where Greek subscripts «, 8 have their usual meaning
[21]. Applying the generalized relativistic transformation



matrix [21] such that S’ is traveling with velocity v = Zv
with respect to S, the field tensors transform to

F 0 H. —H, —iceoE,
~H!. 0 H’ —iceg Bt
b= w0 ieEt| %
zceoE iceoE;j iceo B 0
r o) ’ o /
T
/ . x
af — _E/ E/ 0 _ZCNOHZ (53}))
zcuoH’ zcuoH’T icuoH!T 0

with the primed matrix values given as

E =E,

E, = (Ey — cuoBH.>)
Bl = y(cpoH. — BE,)
E. =~(E; + cpuoSHy)
Ef = (cpoH, + BE:)
H =H,

H, = ~(H, + ceoBE.)
H! = ~(ceoE- + BH,)
H. =~(H, — ceoSEy)
HQ =7(ceoEy — H.p3),

where the transformation made no assumption towards
any field representation. In deriving the shared energy
relations and kinetic momentum density, the relativistic
SEM tensor is found such that

ap = FH0FbsTy + Eogéﬁg%w (54)
where Eq. (54) represents the combination of Eqs. (17),
(18), and (20). Here, we note that this demonstrates the

Chu formulation as the relativistically invariant electro-
magnetic system tied to Eqgs. (3).

VI. DISCUSSION

In Sec ITI-V, we study the relativistic nature of two per-
spective kinetic formulations. Employing such analytic
methods as the principle of virtual power and Lagrangian
analysis, as well as utilizing Lorentz invariance arguments
and relativistic modeling, both the Chu and Einstein-
Laub electromagnetic subsystems are studied with refer-
ence to relativistic frameworks. In this section, we re-
view our finding while discussing related contributions,
thereby revealing the discrepancies between the two for-
mulations.

Field kinetic research has utilized several leading for-
mulations in modeling the center-of-mass translation
with respect to electromagnetic material interactions [6].
Each prospective formulation attempts to reformulate
or divide Maxwell’s equations into pure field and mate-
rial responses, of which constitutes the electromagnetic
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subsystem. Within the literature, two leading formu-
lations used in modeling the kinetics of light are the
Chu and Einstein-Laub formulations, where both formu-
lations correspond to partitioning Maxwell’s equations
such that the material is modeled as electric and mag-
netic dipoles [20]. Although similar, the two formula-
tions differ in the expressions of the force density, stress
tensor, and electromagnetic field interpretations. Recent
literature review reveals both formulations are used in
modeling the field kinetic subsystem for multiple com-
putational experiments, as well as theoretical discussion
[45-49]. The problem with this is that, for stationary me-
dia (as much of the literature models), both formulations
simultaneously satisfy momentum conservation using dif-
ferent force density expressions, where the power density
expressions remain equivalent and unchanged. This is
a consequence of rearranging terms in the conservation
equations

%(EONOE X H), (55)
such that the force density and stress tensor are ambigu-
ously defined, allowing for multiple mathematically valid
force density expressions representing the kinetic subsys-
tem. To demonstrate, we employ vector calculus identi-
ties [24]

_(V-P)E = (P-V)E—V - (PE)
—uo(V - M)H = po(M - V)H — 116V - (M

(56a)
H),(56b)

to rearrange the Chu stress tensor and force density val-
ues to yield the Einstein-Laub force density

[p+ (P-V)|E+ (noM -V)H + (J+ %—f) X o H

oM = =
— Mo X ek = &[GOHOE x H]
v %(eog.muogﬂ)f_m_m]. (57)

This augmentation is similar to that used in describing
the Abraham force, which alters the Minkowski formu-
lation rendering the Abraham formulation while sharing
Minkowski energy definitions [24]. However mathemati-
cally correct, such mathematical exercises should not be
taken as a basis for defining physical systems, and should
instead be tested against known mathematical and phys-
ical constructs (one such being invariant forces).

To uniquely resolve the analytic electrodynamics ex-
pressions, one can employ RPVP while utilizing a pri-
ori energy relations along with respective field trans-
formations to derive the related stress tensor and mo-
mentum density valid for all inertial reference frames.
This was accomplished in Sec. III A, where both the
Chu and Minkowski fields were applied to produce the
associated stress tensor and momentum density values.
Here, only one analysis, the Chu analysis, demonstrated
in Egs. (15), rendered invariant results for the force den-
sity, stress tensor, and momentum density expressions, of



which, corresponds with previous research on the kinetic
subsystem [33]. In contrast, the Einstein-Laub analysis,
demonstrated in Egs. (11), did not produce the kinetic
momentum density, and resulted in unreported expres-
sions for both the stress tensor and momentum density.
In Sec. III B, further analysis using relativistic SEM ten-
sor and vector field transformations demonstrates rela-
tivistic invariance of the Chu stress tensor between iner-
tial reference under Chu field transforms. The Einstein-
Laub stress tensor, however, failed to transform under
both Chu and Minkowski field definitions. This indicates
that the Einstein-Laub formulation, in general, cannot
constitute a valid electromagnetic subsystem. This is
due to the prescribed electrodynamics changing from one
inertial reference frame to another, which, according to
special relativity, cannot be true.

In Sec IV, the Chu, Einstein-Laub, and Abraham for-
mulations were used in modeling the field kinetic subsys-
tem for stationary and moving media. First, consider-
ing the electromagnetic models in the stationary system,
the Abraham momentum, as presented in Eq. (34), is
equivalent to that of the Minowski momentum results
presented in [45], of which imposes that the Abraham
kinetic formulation produces an equivalent pulling force
to the canonical Minkowski force. This comes as no sur-
prise being that the stress tensor definitions of both for-
mulations are equivalent (i.e. Thy = T4), which in the
stationary frame, derive the time average force density
expression. Alternatively, the Chu and Einstein-Laub
formulations demonstrate null quantities for the electro-
magnetic momentum normally incident at the boundary
interface. This is due to both formulations modeling the
transmitted electromagnetic momentum flow within the
material and the free space momentum flow outside the
material as equal and opposite electromagnetic momen-
tum contributions. For each case considered, the electro-
magnetic system satisfies global energy and momentum
conservation laws, where the quasi-stationary approxi-
mation ensures conservation by limiting the materials
physical quantities (velocity v — 0 and mass m — 00)
such that the momentum vector remains non-zero [6, 24].
For moving media, however, this is not the case, and in-
stead uses the electromagnetic energy flow to analyze the
system, providing validation of global conservation laws
[22, 50]. Considering the moving electromagnetic models,
the Abraham and Einstein-Laub formulations demon-
strate a build up of electromagnetic energy in front of the
moving magneto-dielectric slab, causing a material at-
traction or pulling force towards the incident light. This
indicates that the mechanical force supplied to keep the
material moving at a constant velocity must be balanced
to sustain the system by the relation (Fcen) -9 = —(P.).
By conservation theorems, the electromagnetic force and
mechanical force must have equal and opposite contri-
butions, allowing for the material to move at a constant
velocity. The relations presented by Eq. (38a) and (39a)
demonstrate a pulling force, but at different rates than
what is prescribed by the mechanical force expression.
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This indicates that the Einstein-Laub and Abraham for-
mulations predict incorrect force and/or power distribu-
tions for moving systems. In contrast, the Chu formula-
tions retains the interpretation as presented in the sta-
tionary frame, where the free space and transmitted con-
tributions cancel rendering invariant results in the mov-
ing frame.

In 1918, Walter Dallenbach wrote Einstein about in-
herent problems within the Einstein-Laub force density
expression. After several exchanges, Einstein wrote in
response to Dallenbach [35], “It has long been known
that the values I had derived with Laub at the time are
wrong; Abraham, in particular, was the one who pre-
sented this in a thorough paper. The correct strain tensor
has incidentally already been pointed out by Minkowski.”
It has since been shown that additional torque terms
P x E+ oM x H must supplement the usual 7 x f form
of the torque density in the Einstein-Laub formulation.
Such an augmentation can be criticized on the basis that
mathematical manipulation requires an equal augmenta-
tion to the interaction term to preserve the angular mo-
mentum continuity equation. Of course, this changes the
division and interpretation of the subsystems. The same
argument applies to the so called “hidden momentum”
term which is often applied to the Amperian momentum
to achieve the kinetic field momentum [24]. In light of
this, recent research [19] has shown a relation between
the canonical and kinetic momenta. Thus, energy and
momentum conservation demonstrates that the sum of
the field and material contributions of the kinetic sub-
system are equal to the field and material contributions
of the canonical subsystem. This indicates that partition-
ing the total electrodynamic system leads to a material
and kinetic subsystem, of which, the kinetic subsystem
demonstrates field and material responses and is consis-
tent with global energy and momentum conservation.

VII. CONCLUSION

In conclusion, we have studied the Einstein-Laub and
Chu formulations by use of relativistic principle of virtual
power, relativistic invariance, mathematical modeling,
and Lagrangian methods. Within each analysis, both
formulations are compared in determining which electro-
magnetic formulation is tied to the kinetic momentum
density and the shared energy relations. The outcome
of each analysis demonstrated inconsistencies within the
Einstein-Laub formulation, which were revealed when
transforming between inertial reference frames. Con-
versely, the Chu formulation presented invariant forms
for RPVP and SEM transforms, as well as in mathemat-
ical modeling. In deriving field kinetic values indepen-
dent of formulation specific field definitions, Lagrangian
methods were employed where field values were replaced
by prescribed scalar and vector potentials. Defining the
Lagrangian density in energy and co-energy expressions
[21], along with including any theoretically possible inter-



action values, the Lagrangian analysis yielded the field ki-
netic (E, H) form of Maxwell’s equations. To validate the
electrodynamics in all inertial reference frames, the field
kinetic Maxwell’s equations were recast into Minkowski
space and transformed using a generalized Lorentz trans-
formation. The energy-momentum tensor of the field ki-
netic subsystem was shown to be Lorentz invariant when
deriving the kinetic momentum density and shared en-
ergy relations, where the transformed SEM tensor is con-
sistent with the one derived by L. Chu [21, 36]. Thus, the
Chu formulation is relativistically invariant in a medium
with a local velocity field v given that the charge and cur-
rent densities describing material response are described
by Egs. (5). This is demonstrated in Sec. IV, where the
Chu formulation, unlike the Einstein-Laub and Abraham
formulations, demonstrated consistent and invariant re-
sults for the electromagnetic force and power within the
moving system. The analysis presented herein demon-
strates that the Chu formulation is the correct phys-
ical interpretation tied to Egs. (3), thereby disproving
the Einstein-Laub formulation of electromagnetics. Ad-
ditionally, we note that the derivations, as presented
in Sec IIT A and V, made no a priori assumption for
the force density, momentum density, or stress tensor,
thereby strengthening our conclusions.
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Appendix A: Stationary fields and coefficients

Consider an electromagnetic wave normally incident
from vacuum onto a stationary (v = 0), linear, loss-
less, nondispersive magneto-dielectric halfspace, as seen
in Fig. 1. The incident fields are rendered as

E; = 3Ege"h1® (Ala)
H; = gﬂe—“ﬂﬂ, (A1b)
CHo
the reflected fields as
E, = 3EyRe™ (A2a)
H, = —gﬂRe“ﬂz, (A2b)
CHo
and the transmitted fields as
E; = 2EyTe 2" (A3a)
i, = g 20 " pe-ikaa, (A3D)

Clio for
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where the wavevectors and wavenumbers for the respec-
tive regions are rendered as

2 o
ki = weopo

k3 = w?ep
ki = —2k
k. = @k

ki = —2ks.

Application of the tangential boundary conditions, E, —

E> =0and H; — Hy, = J = 0, reveals the expressions for
the reflection and transmission coeffiencents such that,

_pr—n

= n (Ada)
2y

Appendix B: Moving fields and coefficients

Here, we present the field values for the transformed
Minkowski and Chu formulations. Both field transforma-
tions take on bianisotropic material parameters, where
the constitutive relations have been transformed from the
moving frame to the laboratory frame such that [22, 23]

C=1Lg"-C' L, (B1)
where

_ ﬁ/ [:/

¢ = {M, Q/] (B2)

with P’ = ¢e'l, I’ = M' =70, Q = CL#,, along with Lg
and Lg* as the standard and inverse Lorentz transforma-
tion matrices [23]. Using constitutive relation transfor-
mations and the kDB system, the wavevector relations
along the Z direction are [22, 23]

n+p w

R (B3a)
[ 1"__753% (B3b)

where superscripts +, — denote the wavevector solutions
in the positive and negative directions within the mate-
rial.

1. Minkowski representation

Consider a plane wave normally incident on a mov-
ing magneto-dielectric halfspace, as seen in Fig 1. The
incident Minkowski fields in the laboratory frame are

E; = 3Epet(kivtwit) (Bda)

—Hi — gﬂe_i(kiw-i_wit),

B4b
o (B4b)



where the incident wavevector is k; = —i%. The re-
flected Minkowski fields in the laboratory frame are

2EyRe(kro—wrt) (B5a)

B -
Hr _ —gﬂRei(kTw_th),
CHo

(B5b)

where the reflected wavevector is k, = :i:% The trans-
mitted Minkowski fields observed from the laboratory
frame are

E, = 3Ege  (keatwit) (B6a)

— AEO n B _J )

By =j— T~ hatwit) B6b

! cl—np ( )

_ E _ )

Dy =i 77(" B) po-ithitunt) (B6c)
po iy (1 —np)

_ E ,

Hy = j—= Zpemitkrte) (B6d)
cho 1,

where the transmitted wavevector within the moving ma-

terial is k; = —&n;2, and ny = ((171:753))'

Employing moving tangential boundary conditions E+
vx B =0and H—vxD = J = 0, we derive the
expressions

a+m+RO—@—T<ijZ)

o 1—p2
(149 - R0 -5 =72 (122).

which, after manipulation, result in the reflection and
transmission coeflicients

go =) (1+5) (BTa)

G m) (1)
_ 2w (1-np)
T=wmas )
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2. Chu representation

Here, we transform the Minkowski fields presented to
the Chu fields by the transformations [21]

ECZEM—FUX{[EM_(DE_QW)] Xﬁ}

(1-p5?)
v X (BM — /L()HM)
= (s
 ox{iu - (B))x
Ho = Hy + X{ c]\;[(l—([;;)) § }
v X (DM — EoEM)
-5 (B8b)

v X {(DM — EoEM) X @}
(1= p?)

Pc =Dy — eoEn +

_ €U X (Ba — poHur)

i) ()
_ _ _ 0] B — poH v
oMo = By — poHpr + oAl 01\24(1 _‘LL(;}Q)IV[) <)
_ HoU X (Dy — eoBr) (B8d)

(1-75%) ’
In vacuum, the field representations for the Chu and

Minkowski fields are equivalent, and are demonstrated
in Egs.(B4-B5). The transmitted Chu fields are

= . M —np —i(kiztwst)
Eo =2— " FE,T trTwWe B9
AR R (B9%)
He, =~ HeB_Bo pomithiran (pgp)
' pr(1 —np3) cpo
B n2 _ ,LL/Q EO )
P =3 r T —i(kixtwt) B9
Cy Z/L/r(l — nﬁ) 02/140 e ( C)
. -y = 1) Eon iratwnt)
Mg, = —g—————Te "\"trTtt) - (BOd

In determining the reflection and transmission coefli-
cients, application of the Chu fields and boundary condi-
tions result in identical relation as previously defined in
Eqgs. (B7).
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