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The physical origin of the Fresnel drag of light by a moving dielectric medium
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We present a new derivation of the Fresnel-Fizeau formula for the drag of light by a moving
medium using a simple perturbation approach. We focus particulary on the physical origin of the
phenomenon and we show that it is very similar to the Doppler-Fizeau effect. We prove that this
effect is, in its essential part, independent of the theory of relativity. The possibility of applications

in other domains of physics is considered.

PACS numbers: 03. 30. +p; 32. 80. -t;11. 80. -m;42. 25. -p

I. INTRODUCTION

It is usual to consider the famous experiment of Fizeau
(1851} on the drag of light by a uniformly moving
medium as one of the crucial experiments which, just
as the Michelson-Morley experiment, cannot be correctly
understood without profound modification of Newtonian
space-time concepts (for a review of Einstein’s relativity
as well as a discussion of several experiments the reader
is invited to consult?2:4). The result of this experiment
which was predicted by Fresnel®, in the context of elas-
tic theory, is indeed completely justified by well known
arguments due to von Laue (1907)6. He deduced the
Fresnel-Fizeau result for the light velocity v in a medium,
corresponding to a relativistic first order expansion of the
Einstein velocity transformation formula:
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Here, ng represents the optical index of refraction of the
dielectric medium in its proper frame, and we suppose
that the uniform medium motion with velocity v, is par-
allel to the path of the light and oriented in the same
direction of propagation. In the context of electromag-
netic theoryZ€ all derivations of this effect are finally
based on the invariance property of the wave operator
0,0"[...] in a Lorentz transformation. It is easy to write
the wave equation [02, — (nd/c®) 9]¢ = 0 in the co-
moving frame R’(x’, ') of the medium in covariant form&t
(0,0 + (nd —1) (v,)%]Y) = 0 which is valid in all in-
ertial frames and which for a plane waves, implies the
result of Eq. [l In this calculation we obtain the result
v = ¢/ng~+v, if we use the Galilean transformation which
proves the insufficiency of Newtonian dynamics.

However, the question of the physical meaning of this
phenomenon is not completely clear. This fact is in part
due to the existence of a derivation made by Lorentz
(1895)2 based on the mixing between the macroscopic
Maxwell’s equations and a microscopic electronic oscil-
lator model which is classical in the sense of the New-
tonian dynamics. In his derivation Lorentz did not use
the relativistic transformation between the two coordi-
nate frames: laboratory and moving medium. Conse-
quently, the relativistic nature of the reasoning does not

appear explicitly. Following the point of view of Ein-
stein (1915} the Lorentz demonstration must contain
an implicit hypothesis of relativistic nature, however, this
point has not been studied in the literature. Recent de-
velopments in optics of moving mediat!-12:13:14 allows us
to consider this question as an important one to under-
stand the relation between optics, relativity and new-
tonian dynamics. This constitutes the subject of the
present paper. Here, we want to analyze the physical
origin of the Fresnel-Fizeau effect. In particular we want
to show that this phenomenon is, in its major part, in-
dependent of relativistic dynamics.

The paper is organized as follows. In section
I we present the generalized Lorentz “microscopic-
macroscopic” derivation of the Fresnel formula and the
principal defect of this treatment. In section IIT we show
how to derive the Fresnel result in a perturbation ap-
proach based on the Lorentz oscillator model and finally
in IV we justify this effect independently from all phys-
ical assumptions concerning the electronic structure of
matter.

II. THE LORENTZ ELECTRONIC MODEL AND
ITS GENERALIZATION

In this part, we are going to describe the essential con-
tents of the Lorentz model and of its relativistic exten-
sion. Let & (x,t) be the displacement of an electron from
its equilibrium position at rest, written as an explicit
function of the atomic position & and of the time ¢t. In
the continuum approximation we can write the equation
of motion for the oscillator as 02¢ (z,t) + wi€ (z,t) ~
—%Eoe*i(“’t*k'm) where the supposed harmonic electric
incident field appears and where the assumption of small
velocity allows us to neglect the magnetic force term. In
the case of a non relativistic uniformly moving medium
we have

(O + ve - V)2 E—Hugé ~ —% (EO + % X Bo) e Hwi—kx)

(2)
which includes the magnetic field B = ck x E/w of the
plane wave and the associated force due to the uniform
motion with velocity v.. The equation of propagation
of the electromagnetic wave in the moving medium has
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an elementary solution when the velocity of the light
and of the medium are parallel. If we refer to a carte-
sian frame k = keé,, v. = v.€; we have in this case
E = Epe !wt=k2)g, B = c%Eoe_i(m_’”)éz for the elec-
tromagnetic field and

kve
£ = _EMQ*NW*M) (3)

mw? — (w— kve)®

for the displacement vector parallel to the y axis. The
relativistic extension of this model can be obtained di-
rectly putting v, = 0 in Eq. Bl or Bl and using a Lorentz
transformation between the moving frame and the labo-
ratory one. We deduce the displacement

5 e EO (1 — kZE)
=——"%
m w0 — 2 (w — ko)’

where v, = 1/4/(1 —v2/c?). We could alternatively ob-
tain the same result considering the generalization of
the Newton dynamics i. e. by doing the substitutions
m — my. and wg — woy, © in Eq. Bl The dispersion re-
lation is then completely fixed by the Maxwell equation
aa—;E — C%g—;E = %%J, where the current density J is
given by the formula J = —eN (0; + v.0,) ¢ depending
on the local number of atoms per unit volume N sup-
posed to be constant. Using J and Eq. B or Bl we obtain a
dispersion relation k% = n? (w) w?/c® where the effective
refractive index n (w) depends on the angular frequency
w and on the velocity v.. The more general index ob-
tained using Eq. B is defined by the implicit relation

e—i(wt—km) (4)
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Here o' = w(l—"=)7, and ni(w) = 1 +
4w Noe? / (wg — w?) /m is the classical Lorentz index (also
called Drude index) which contains the local proper den-
sity which is defined in the frame where the medium is
immobile by Ny = N4, . These relativistic equations
imply directly the correct relativistic formula for the ve-
locity of light in the medium: Writing n3 — 1 = (n? —
1)(1—02/¢)/(1—nvefc)? = (n—v./c)2/ (1 —nv./e)? 1
we deduce

¢ e¢/n—v,
£ _4n=2% 6

no cn
which can be easily transformed into

c c/no (W) +ve
n 14 —Ye _

cno(w’)
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(7)

It can be added that by combining these expressions we
deduce the explicit formula

[nd (w') — 1]
[1 + no (w)ve ]2 ’

c

n? (W) =1+7.7 (®)

The non relativistic case can be obtained directly from
Eq. Bl or by writting 7. = 1 in Eqs. Bl This limit

c c 1 dlnng v2

V= — o~ — 40l — = 4w +0|( = 9

n  no el né dw ) (62 )
is the Fresnel-Fizeau formula corrected by a “frequency-
dispersion” term due to Lorentz2. For our purpose, it
is important to note that in the non-relativistic limit of
Eq. Bl we can always write the equality

c  Cc—
- = . 10
- Tt (10)

where n’ = n (1 —wv./c) /(1 —nv./c) is the index of re-
fraction defined relatively to the moving medium. We
then can see directly that the association of Maxwell’s
equation with Newtonian dynamics implies a modifica-
tion of the intuitive assumption “c/ng + v.” used in the
old theory of emission. In fact, the problem can be un-
derstood in the Newtonian mechanics using the absolute
time t = t’ and the transformation z = 2’ + v.t’. In
the laboratory frame the speed of light, which in vacuum
is ¢, becomes ¢/ng in a medium at rest. In the moving
frame the speed of light in vacuum is now ¢ — v.2. How-
ever, due to invariance of acceleration and resultant force
in a galilean transformation we can interpret the pres-
ence of the magnetic term in Eq. Blas a correction to the
electric field in the moving frame. This effective electric
field affecting the oscillator in the moving frame is then
transformed into E (1 —nve/c). It is this term which
essentially implies the existence of the effective optical
index n’ # ng and the light speed (¢ — v.) /n in the mov-
ing frame. It can be observed that naturally Maxwell’s
equations are not invariant in a Galilean transformation.
The interpretation of F (1 — nv./c) as an effective elec-
tric field is in the context of Newtonian dynamics only
formal: This field is introduced as an analogy with the
case v = 0 only in order to show that n’ must be different
from ny.

IIT. PERTURBATION APPROACH AND
OPTICAL THEOREM

The difficulty of the preceding model is that the
Lorentz derivation does not clarify the meaning of the
Fresnel-Fizeau phenomenon. Indeed we justify Eq. [
using a microscopical model which is in perfect agree-
ment with the principle of relativity. (However we observe
that at the limit v, < ¢ the use of the non relativistic
dynamics of Newton (see Eq. Bl) gives the same result.
More precisely one can see from Eq. B that the intro-
duction of the magnetic force —ev, x B/c in addition to
the electric force is already sufficient to account for the
Fresnel-Fizeau effect and this even if the classical force
formula F = mx(t) is conserved. Since the electromag-
netic force contains the ratio v./c and originates from
Maxwell’s equations this is already a term of relativistic
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FIG. 1: Representation of a linearly polarized electromagnetic
plane wave travelling in a moving slab perpendicular to the
x axis. The velocity of the slab is ¢fe, and the three spatial
regions in front, in and after the slab are denoted by 1, 2,
and 3, respectively. We have plotted in addition a typical
observation point P(z,0,0).

nature (Einstein used indeed this fact to modify the dy-
namical laws of Newtont2). The derivation of Lorentz is
then based on Newton as well as on Einstein dynamics.
It is well know in counterpart that the Doppler-Fizeau
effect, which includes the same factor 1 — v./c, can be
understood without introducing Einstein’s relativity. In-
deed this effect is just a consequence of the invariance of
the phase associated with a plane wave when we apply
a Galilean transformation (see?, Chap. 11) as well as a
Lorentz transformation. We must then analyze further
in detail the interaction of a plane wave with a moving
dipole in order to see if the Fresnel phenomenon can be
understood independently of the specific Lorentz dynam-
ics.

We consider in this part a different calculation based on a
perturbation method and inspired by a derivation of the
optical theorem by Feynman'®1?. Consider a thin slab
of thickness L perpendicular to the x axis. Let this slab
move along the positive  direction with the constant ve-
locity ve€,. Let in addition Ege~w(=2/¢) he the incident
electric field of a plane wave which pursues the moving
slab (see Fig. ). Therefore, the electric field after the
slab can be formally written as

Eafter = Eoe_iw(t_ét% _1/0)7 (11)

where dt,, appear as a retardation time produced by the
interaction of light with the slab and where all reflections
are neglected (||Eatter|| = ||Ebefore]|)- For a “motionless”
slab (i. e., the case considered by Feynman) we can write
the travel time of the light through the slab as A1y =
Lo/c+ 0ty = ng - Lo/c and therefore 6ty = (ng — 1) Lo/c
where Ly defines the proper length of the slab in the
frame where it is at rest. For the general case of a moving
slab of reduced length L = Loy, ! we find for the travel

time:

Ar — (L + veATe) oty = - (L + veATe) (12)
c c

and therefore the perturbation time is

(n—1)L

Otv. = (¢ —nwe)’

(13)

We can obtain this result more rigorously by using
Maxwell’s boundary conditions at the two moving inter-
faces separating the matter of the slab and the air (see
Appendix A).

In order to evaluate the diffracted field which is E,er —
Ebefore we can limit our calculation to a first order ap-
proximation. Thereby, each dipole of the Lorentz model
as discussed above can be considered as being excited di-
rectly by the incident electromagnetic wave and where we
can neglect all phenomena implying multiple interactions
between light and matter. In this limit Eq. [ reduces to

—i _ 1 —1)—L
Eafter :EOG iw(t m/c)eJrzw(n 1)‘3*"”6

L ) (14)

Cc— NV,

~ Ege~wt=a/c) (1 +iw(n—1)

If the distance between the slab and an observation point
is much larger than L we can consider the slab as a
2D continuous distribution of radiating point dipoles.
The vector potential A,.q radiated by a relativistically
moving point charge e is in according with the Lienard-
Wiechert’s formula given by2:

v/c

Ag(x,t)=e (15)

m“a.

Here R = ||x — xq (t) || is the distance separating the ob-
servation point x (denoted by P) and the point charge
position located at xq(t) at the time ¢; additionally
v (t) = @0 (t) is the velocity of the point charge and R (t)
is the unit vector (x — x¢ (t)) /R (¢). In this formula, in
agreement with causality, all point charge variables are
evaluated at the retarded time t,.ct =t — R (tret) /c.

In the present case the motion of the point charge can
be decomposed into a uniform longitudinal component
vet oriented along the positive x direction and into a
transversal oscillating part £ (t) = §Oefi“’(17UTe)t obeying
the condition ||€ (t) || /¢ < 1. Owing to this condition we
can identify (1 -R- V/C) with (1 -R- Ve/C). Conse-
quently, in the far-field the contribution of the electron
uniform velocity is cancelled by the similar but opposite
contribution associated with the nucleus of the atomic
dipole: Only the vibrating contribution of the electron
survives at a long distance from the diffraction source. If
we add the contribution of each dipole of the slab act-
ing on the observation point P at the time ¢ we obtain
then the total diffracted vector potential Ag4ig produced
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by the moving medium:
e
A (%, 1) =~ —27T”yeN0szE (1-0)&
o—iw(1=Be) (b= Rl(trer) /)

400
/0 plp (1 —R(tyer) 'Ue/C) R (tret)

Here p is the radial coordinate in a cylindrical coordi-
nate system using the direction x as a revolution axis,
and the quantity ~v.NoL2mwpdp is the number of dipoles
contained in the cylindrical volume of length L and of
radius varying between p and p + dp if we consider a
local dipole density given by 7v.Ny. In this formula the
retarded distance R (t,) is a function of p and we have
(see the textbook of Jackson?)

; (16)

R(trer) = 7. (1 — R (tret) - ve/c)i1 VPP 72 (@ —vat)?.

(17)
This expression shows that the minimum R,,;, is ob-
tained for a point charge on the x axis, and that:

Rpyin = (LL' - Uet) / (1 - ﬁe) . (18)

In order to evaluate the integral in Eq. [0 we must use
in addition the following relation (see Appendix C):

R (tret) = WSﬁe (,T - Uet) + Ve \/p2 + 762 (‘T - Uet)2 (19)

Hence, we obtain the following integral :

Agig (x,t) ~ —27m'o.we2N0LE (1—=8e)é
c
,efi“’(lfﬁc)(tf’Yzﬁc(z*”et))

+oo et (1=Be)ver/ p2 2 (a—vet)?}
. / pd
0

P
P+ (@ — vt

where we have used the relations Eq. [ Eq. in the
denominator and in the exponential argument of the right
hand side of Eq. [[A respectively. The diffracted field is
therefore directly calculable by using the variable u =

\/p2 472 (z — vet)®. We obtain the result

: (20)

A & 277e LNy S €pe—w(t=2/0) (21)
C

The total diffracted electric field Eg;g is obtained using
Maxwell’s formula E = — (1/¢) 9; A, which gives:

Ediff ~ 27Ti’7€LN0wE§0€7iw(tix/c). (22)
c

The final result is given substituting Eq. Bl in Eq. B2 and
implies by comparison with Eq. [[4
2 1— ve)?
nzl+27rN07§e— ( C) 5
MR (1= %)

This equation constitutes the explicit limit Ny — 0 of
Eq. B and implies the correct velocity formula Eq.[dwhen
we neglect terms of O[NZ]. It can again be observed
that the present calculation can be reproduced in the non
relativistic case by neglecting all terms of order (v, /c)?.

(23)

IV. PHYSICAL MEANING AND DISCUSSION

The central fact in this reasoning is “the travel condi-
tion” given by Eqs. M3 Indeed, of the same order in
power of Ny we can deduce the relation

Oty, = Yeoto (1 —ve/c) (24)
and consequently the condition Eq. [2 reads

dtove) (L +v.ATe)

+ 0tgye=n - ——.

(25)
If we call 6ty the time during which the energy contained
in a plane of light moving in the positive x direction is
absorbed by the slab at rest in the laboratory, dtg. is
evidently the enlarged time for the moving case. During
the period where this plane of light is absorbed by the
slab its energy moves at the velocity v.. This fact can be
directly deduced of the energy and momentum conserva-
tion laws. Indeed, let M~.v. be the momentum of the
slab of mass M before the collision and € the energy of
the plane of light, then during the interaction the slab is
in a excited state and its energy is now E* = € + M~.c?
and its momentum P* = €/c + M~.v.. The velocity of
the excited slab is defined by w = ¢?P*/E* and we can
see that in the approximation M — oo used here w ~ v,
(we neglect the recoil of the slab). During dtgv. the slab
moves along a path length equal to v.dtyy. and thus the
travel condition of the plane of energy in the moving slab
can be written

At =

L+ ve (AT —
c

¢ (ATe — ve0tg) = L+ ve (ATe — ve0tp) (26)

which is an other form for Eq. B3 Now eliminating di-
rectly A7, in Eq. give us the velocity v of the wave:

C— Ve

V=Ve + P 5
1+%(1_ﬂe)ﬁye

(27)

C — Ve

L4 (no —1) (1= Be)e’

which depends on the optical index ng = 14c¢dtg/Lo. Af-
ter straightforward manipulations this formula becomes

v =0+ (28)

_¢/ng+ve
ol

cno

(29)

which is the Einstein formula containing the Fresnel re-
sult as the limit behavior for small v,.

It can be observed that this reasoning is even more nat-
ural if we think in term of particles. A photon moving
along the axis x and pursuing an atom moving at the
velocity ve constitutes a good analogy to understand the
Fresnel phenomenon. This analogy is evidently not lim-
ited to the special case of the plane wave e™(=%/¢) If
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for example we consider a small wave packet which before
the interaction with the slab has the form

Ebcforc ({E, t) = /

Aw

dwa,e!Fr=wt) (30)

where Aw is a small interval centered on w,,, then after
the interaction we must have:

Eafter (,T, t) = /

Aw

dwawei(szw[tfét(w))j (31)

where dt (w) is given by Eq. After some manipula-
tion we can write these two wave packets in the usual
approximative form:

Ebcforc = ei(kmm_wmt) / dwawe_i(w—wm)[t—ak/awmw]
Aw

— ei(kmszmt)F (t _ I/’Ug)

Eaprer = e/ Fmz—wm[t=0t(wm)]) p (t —xz/vg —0ty). (32)

Here, vy = Owy,/O0ky, = c is the group velocity of the
pulse in vacuum and 6ty = 0 (wmdt (wm)) /Own, is the
perturbation time associated with this group motion.
This equation for F' possesses the same form as Eq. [l
and then the same analogy which implies Eq. B3 is pos-
sible. This can be seen from the fact that we have

5t (w) = yedto(w') (1 —ve/c) (33)
with w’ = yew(1l — ve/c). We deduce indeed
8ty = Yedtog(wr,) (1 —ve/c), (34)

where we have dtog(w),) = 0 (wmdto(w),))/Owm
i e. dtog(wl,) = 0 (w),dto (wr,)) /Owl,. Since Eq. B3 and
Eq. B4 have the same form the Fresnel law must be true
for the group velocity.

It is important to remark that all this reasoning con-
serves its validity if we put 7. = 1 and if we think only in
the context of Newtonian dynamics. Since the reasoning
with the travel time does not explicitly use the structure
of the medium involved (and no more the magnetic force
—ev, X B/c) it must be very general and applicable in
other topics of physics concerning for example elasticity
or sound.

Consider as an illustration the case of a cylindrical wave
guide with revolution axis = and of constant length L
pursued by a wave packet of sound. We suppose that the
scalar wave 1) obeys the equation [¢20?/9r? — 92 /Ot?|p =
0 where c is the constant sound velocity. The propagative
modes in the cylinder considered at rest in the laboratory
are characterized by the classical dispersion relation

W/t = RS (35)

where the cut off wave vector v, ,, depend only of the
two “quantum” numbers n,m and of the cross section
area A of the guide (42 ~ 1/A). The group velocity

Ow/0k, of the wave in the guide is defined by v, =
(?/w) Jw?/c2 =% ~ [l — $c*4%/w?] and the travel
time A7 by L/vy, ~ L[l + 3c*y?/w?]/c which implies
Oty = %Lw?/uﬂ. In the moving case where the cylinder
possesses the velocity v, we can directly obtain the con-
dition given by Eq. (with 7. = 1) and then we can
deduce the group velocity of the sound in the guide with
the formula

C— Ve

V=0 +—————.
1+£[),50(1_ﬂe)

(36)

This last equation give us the Fresnel result if we put the
effective sound index ng = 1+cdtg/L. We can control the
self consistency of this calculation by observing that the
dispersion relation Eq. BH allows the definition of a phase
index nphase = ck/w ~ 1 — 2 /(2w?) which is equiv-
alent to Eq. B8 when wy = 0 and 2nNoe? /m = 47, /2.
This reveals a perfect analogy between the sound wave
propagating in a moving cylinder and the light wave
propagating in a moving slab. It is then not surpris-
ing that the Fresnel result is correct in the two cases.
The principal limitation of our deduction is contained
in the assumption expressed above for the slab example:
| Eatter|]| = ||Ebefore| 1. €. the condition of no reflection
supposing the perturbation on the motion of the wave to
be small. Nevertheless, the principal origin of the Fres-
nel effect is justified in our scheme without the use of the
Einstein relativity principle.

We can naturally ask if the simple analogy proposed can
not be extended to a dense medium i. e. without the ap-
proximation of a weak density Ny or of a low reflectivity.
In order to see that it is indeed true we return to the
electromagnetic theory and we suppose an infinite mov-
ing medium like the one considered in the second section.
In the rest frame of the medium we can define a slab of
length L. The unique difference with the section 3 is
that now this slab is not bounded by two interfaces sepa-
rating the atoms from the vacuum but is surrounded by a
continuous medium having the same properties and mov-
ing at the same velocity v.. In the laboratory frame the
length of the moving slab is L = Loy, !. We can write
the time A7, taken by a signal like a wave packet, a wave
front or a plane of constant phase to travel through the
moving slab:

cAt. =n- (L +v.AT). (37)

The optical index n can be the one defined in section 2
for the case of the Drude model but the result is very gen-
eral. We can now introduce a time dty such that Eq. P53,
and consequently Eq. 27 are true by definition. We con-
clude that this last equation Eq. B4 is equivalent to the
relativistic Eq. B9 if, and only if, we define the time dtg
by the formula

5t0 = (no - 1) . Lo/C. (38)

In other terms we can always use the analogy with a pho-
ton pursuing an atom since the general formula Eq.



is true whatever the microscopic and Electrodynamics
model considered. In this model - based on a retardation
effect- the absorbtion time 4t is always given by Eq.
This opens new perspectives when we consider the prob-
lem of a sound wave propagating in an effective moving
medium. Indeed there are several situations where we
can develop a deep analogy between the propagation of
sound and the propagation of light. This implies that
the conclusions obtained for the Fresnel effect for light
must to a large part be valid for sound as well. This is in
particular true if we consider an effective meta material
like the one that is going to be described now:

We consider a system of mirrors as represented in Fig. 2A,
at rest in the laboratory. A beam of light propagates
along the zigzag trajectory Ao, By, A1, ..., An, B, .... The
length A, B,, is given by /(L2 + D?) where the distance
Ly and D are represented on the figure. The time A7y
spent by a particle of light to move along A, B, is then
V(L3 + D?)/c. We can equivalently define an effective
optical index ng such that we have

(LZ —|—D2) L2n2
L = A = =5 (39)
This implies
D2
nd =1+ L_g (40)
0

We consider now the same problem for a system of mir-
rors moving with the velocity v.. In order to be con-
sistent with relativity we introduce the reduced length
L = Loy.'. The beam propagating along the path
Ay, By, Ay, ..., Ay, By, ... must pursue the set of mirrors.
We then define the travel time A7, along an elementary
path A, B, by

(L 4+ veAT)? + D?)
2

(L 4 veATe)?n?
2

=A7? =

c , (41)
where n is the effective optical index for the moving
medium. From this equation we deduce first A7, =
(L/c)n/(1 —ven/c) and then

n?—1= (n%—l)% (42)
(1—-(%)?)
which finally give us the formula
¢ _¢motee (43)

n 1+ (,:UTC()
We can again justify the Fresnel formula at the limit
ve/c < 1. The simplicity of this model is such that it
does not depend on the physical properties of atoms, elec-
trons and photons but only on geometrical parameters.
Clearly we can make the same reasoning for a sound wave
by putting v, = 1. This still gives us the Fresnel formula
when we neglect terms equal or smaller than O (v2/c?).
In addition this model allows us to conclude that the es-
sential element justifying the Fresnel-Fizeau result is the

A

B B
] =

' s & &
T A A As

Ao 1

B) B, -, B, B
lD/ \/ \/
Ao A A

L+veAre

FIG. 2: An ideal meta material equivalent to a medium with
an effective index. A wave represented by an arrow propagates
between the mirrors Ao, Bo, A1, ..., An, Bn,.... A) when the
mirrors are at rest in the laboratory the travel time d7o =
AnBy/c is dependent only on the distances Lo and D. B)
When the mirrors move at the velocity v. relatively to the
laboratory the travel time 07 = A,By/c is affected by the
motion and depends on v. as well as on D and L = Lo /7e.

emergence of a delay time — a retardation effect— when we
consider the propagation of the signal at a microscopic
or internal level. The index n which characterizes the
macroscopic or external approach is then just a way to
define an effective velocity without looking for a causal
explanation of the retardation.

The essential message of our analysis is that by taking
explicitly into account the physical origin of the delay we
can justify the essence of the Fresnel-Fizeau effect in a
non relativistic way. The Fresnel-Fizeau effect is then a
very general phenomenon. It is a consequence of the con-
servation of energy and momentum and of the constant
value of the wave velocity in vacuum or in the considered
medium. The so called travel condition (Eq. 2H) which
is a combination of these two points can be compared to
the usual demonstration for the Doppler effect. In these
two cases of light pulses pursuing a moving particle the
perturbation time 6t,, ~ &ty (1 —v./c) is a manifesta-
tion of the Doppler phenomenon. It should be empha-
sized that the analogy between sound and electromag-
netic waves discussed in this article could be compared
to the similarities between sound wave and gravitational
waves discussed in particular by Unruh. On this subject
and some connected discussions concerning the acous-
tic Aharonov-Bohm effect (that is related to the optical
Aharonov-Bohm effect that follows from the Fizeau ef-
fect) the reader should consult&:19.

V. SUMMARY

We have obtain the Fresnel-Fizeau formula using a per-
turbation method based on the optical theorem and in a
more general way by considering the physical origin of



the refractive index. The modification of the speed of
light in the medium appears then as a result of a retar-
dation effect due to the duration of the interaction or ab-
sorbtion of light by the medium, and the Fresnel-Fizeau
effect, as a direct consequence of the medium’s flight in
front of the light. These facts rely on the same origin as
the (Doppler“Fizeau effect: We finally have shown that
it is not correct to assume, as frequently done in the
past, that a coherent and “Newtonian interpretation”
of these phenomena would be impossible. On the con-
trary, the results do not invalidate the derivation of the
Fresnel-Fizeau effect based on the principle of relativity
but clarify it. We observe indeed than all reasoning is
in perfect agreement with the principle of relativity. We
must emphasize that even if the Fizeau/Fresnel effect
is conceptually divorced from relativity it strongly mo-
tivated Einstein’s work (more even than the Michelson
and Morley result). The fact that the Fizeau as well as
the Michelson-Morley experiment can be justified so eas-
ily with special relativity clearly show the advantages of
Einstein’s principle to obtain quickly the correct results.
Nevertheless, if we look from a dynamical point of view,
as it is the case here, this principle plays a role only for
effects of order v2/c? which however are not necessary to
justify the Fresnel formula.
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APPENDIX A

Maxwell’s equations impose the continuity of the elec-
tric field on each interface of the slab. More pre-
cisely these boundary relations impose: Emedium Als =
Enedium B|s where S is one of the two moving inter-
faces separating vacuum and matter. Hence we obtain an
equality condition between the two phases ¢medium A and
@medium B valid for all times at the interface. Let &, =
—iw (t — x/c) be the phase of the plane wave before the
slab. In a similar way let ®3 = —iws (t — N, g.2/c — 02)
and ®3 = —iws (t — xz/c — d3) be the phases in the slab
and in vacuum after traversing the slab, respectively. In
these expressions there appear two retardation constants,
02,3 and the optical index of the slab. On the first inter-
face denoted by (I-II) we have x = ¢t and consequently

w(l=B)t=ws(1—n(w,Be)Le)
2
- 1—n(w2,ﬁe)ﬂe)’ (A1)

which is valid for each time and possesses the unique
solution:

1_ﬁe

=TT 65 = 0.

(A2)

w2

Considering the second interface (II-I1I) in a similar way
we obtain the following conditions

_ 1_n(WuBe)Be _
W3_W2—1—ﬂe = Ww
5y = (@) — 1 (A3)

c—n (w, Be) Cﬁe

where the 2"? equality is Eq.

APPENDIX B

ret

FIG. 3: In this figure Q is the position of the particle at the
retarded time t,.; and P is the observation point at the time ¢.
The particle moves uniformly on the the = line QR following
the trajectory vet and Q’ is the position of the particle at the
time ¢ separated of P by the distance r. In addition, if we call
R the projection of P on QR, then x and p are the coordinates
of the observation point in the plane of the figure.

Using geometrical considerations (see Fig. B) we can
deduce the relation

R (tret)2 = p2 + (ﬁeRret +x— 'Uet)2 , (Bl)

which is equivalent after manipulations to the other:

2
p2 + 762 (I - Uet)Q = (1 - ﬂz) (Rret - [38%2 (I - Uet))
(B2)
We can in a second step rewrite this equality as follows:

Ryt = 7@2[38 (I - 'Uet) + Ve \/p2 + 73 (:E - vet)z (B3)

which is Eq. T
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