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Abstract

The theoretical study of optical resonator experiments in terms of the founda-
tion of the theory of relativity gives an important result according to which the
existence of a lowest limit to the ratio Av/v arises, which is of the order of
107'%, and is attributed to the rotational motion of the Earth. Given that the latest
experimental results of measuring the ratio Av/v, for the period from 2003 to
2015, are several orders of magnitude lower than the theoretically predicted, the
present study highlights a massive discrepancy between the general theory of
relativity and highly robust experimental data spanning over a decade that come
from the latest experiments measuring the constancy of the speed of light.
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1. Introduction

The long history of research into the speed of propagation of light waves dates
back mainly to the late nineteenth century, with the most prominent being the
experimental implementations by Albert Abraham Michelson in 1881 and the Mi-
chelson-Morley experiment in 1887. The experiments of the period 1881-1930
show a highly significant attempt to measure the speed of the Earth with respect
to a hypothetical medium of propagation of light, the ether. This view has its

origin in the electromagnetic theory of light, formulated by James Maxwell in
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1861. Despite the difficulties arising from the inadequate technological means of
that time, the attempt continued throughout this period [1]-[14]. Initially, the
basic view regarding the motion of the Earth with respect to the hypothetical me-
dium of light propagation, 7e. the “preferred” reference system of the ether, was
that the placement of this medium is in the solar system, so the speed of the Earth
with respect to it is the known orbital speed of the Earth of 30 km/s.

In 1969, an implemented Michelson-Morley type experiment by J. Shamir and
R. Fox [15] gave a result of V<6.64 km/s . Several years before the implementa-
tion of the experiment by J. Shamir and R. Fox new optical tests of the isotropy of
the speed of light, using lasers, masers, cryogenic optical resonators, had been de-
vised and implemented, the results of which had already been announced. The
calculated values of the speed of the Earth with respect to the hypothetical “pre-
ferred reference system” in these newer tests were much lower, specifically this
value was approximately 30 km/s according to the experiments of Cedarholm et
al in 1958, 1959 [16] [17], and Jaseja ef al in 1964 [18]. This very large difference
in the results in these two different experimental methods was partly attributed to
the greater accuracy of the optical resonator experimental method. The known
optical resonator experiments continued until 2015 [19]-[30], and the speed of
light based on the latest results is now considered practically constant in all direc-
tions. The present study attempts to analyze this very serious issue in depth.

In this paper is studied, based on the foundation of the general theory of rela-
tivity, the contribution of the Earth’s rotational motion to the fractional frequency
shift, Av/v, of high-precision experiments using optical resonators, and it is
shown to be of the order of magnitude of 107'2 This result is several orders of
magnitude larger than the newer experimental results, which are of the order of
magnitude of 107" in the year 2009 [29], and of the order of magnitude of 107*
(95% confidence interval) in the year 2015 [30]. Despite the fact that the velocity
of the Earth on its surface due to its rotational motion is considered negligible
compared to its velocity with respect to the Cosmic Microwave Background, nev-
ertheless, since the metric of space in a rotating frame is non-Euclidean according
to the foundation of the general theory of relativity, the aforementioned contribu-

tion to the fractional frequency shift arises.

2. Theoretical Evaluations

As already mentioned in the introduction, the history of experimental tests on the
validity of this principle begins more than a century ago with the famous Michel-
son-Morley experiment, which was carried out in order to measure the speed of
the Earth with respect to the supposed medium of propagation of a light wave,
that is, with respect to the ether. According to the beliefs of that time, if the orbital
speed of the Earth around the Sun, V, is in the same or opposite direction to the
direction of propagation of a light ray, then the measured speed of light in the
Earth’s reference system should be equal to cFv respectively, while if these two

directions are perpendicular to each other, the measured speed of light should be
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equal to ~/c* —v’ . However, this supposed anisotropy of the speed of light with
respect to the Earth’s reference system has never been confirmed despite contin-
uous repetitions of this experiment.

The modern relativistic concept regarding a possible anisotropy of the speed of
light is based on the exploration of a possible violation of Lorentz invariance. From
the study of the tests of the theory of relativity it follows that most of them focus on
kinematic aspects. Some theories, relevant to the subject under consideration here,
explore scenarios where Lorentz invariance might be violated, leading to potential
anisotropy (direction-dependent speed of light). Two of them are the following.

Robertson-Mansouri-Sex] (RMS) kinematic framework

Reza Mansouri and Roman U. Sexl introduced a generalization of Lorentz
transformations [31], as follows

t=aT +e-X

v(v-X) (1)

x=dX +(b-d) 2 —bvT

where X, T are the vector position and time measured in the postulated pre-
ferred frame X in which the speed of light is axiomatically isotropic, and X, t
are the vector position and time measured in frame S. As stated in [31], since
only V can be used to construct the transformation coefficient, (1) contains the
functions a(v), b(v), d(v) (physics) and e(v)=(e¢,6) (synchroniza-
tion). With Einstein clock synchronization, in the case of no Lorentz violation, the
values of the coefficients are a™' =b= (l—VZ/C2 )7]/2 , d=1, e=-v/c?, where
C is the constant value of measured light velocity in X.

Transforming the light cone X? — (cT )2 =0 into S, and assuming, for sim-
plicity, €, =¢;, in the case of Einstein synchronization we obtain the velocity of a

light ray propagating in an angle 6 with respect to the X axis, C5(6), as fol-

lows
CS (0) _ b(l—Vz/Cz) (2)
= .,
¢ a[cosz¢9+b2d2(1—v2/c2)5|n2€}
In this case, for the second-order effects, we obtain
c 1\ v
——=1+| f+ 6= |sin’O+(a—f+1)— 3
¢ (0) (’B ZJCZ (a=F )02 ®)
where o, B, & are the coefficients in the expansions
2 2 2
a=1+a\é—2+~-, b=1+ﬂ\cl—2+~-, d=1+§\é—2+-~ (4)

The term (S+6 —ZI/Z)(VZ/C2 )Sin2 0 is tested by the Michelson-Morley and
the optical cavity experiment, while the Kennedy-Thorndike experiment [32]
measures (a—f+1).

Michelson-Morley experiment [33].

Let /,, [, bethelengths of the arms of the interferometer. When the apparatus

is rotated by 90° the measured displacement of the interference pattern gives us
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s, ()= Cr(0+gj—cr(0) (5)

where ¢6,(7) is the difference in the optical path and according to (3), keeping
the term (B + 5—1/2)(V2/C2 )Sin2 0, this becomes

08, (£)= (1, +1,)(2+25 1) 7 05(20) ©

An upper limit for S+ —1/2 canbe derived, depending on the observed dis-
placement of the interference pattern. In the Michelson-Morley experiment of
1887 no fractional shifts of the interference pattern larger than 0.005 were ob-

served. Therefore

¢5, (7)< 0.0052 (7)

where 1=6x10"m is the used light wavelength. Finally we obtain
Lf+56=05£10" (8)

Local Lorentz Invariance (LLI) Violation Signal According to RMS in optical
cavity experiment [34].
Substituting the expressions (4) into the Equation (2) we obtain
2

Cs (9) :1_(ﬂ+5_1)ésin2 49—(05_,B+1)V_2 ©)
c 2)c ¢

For a= —% , B :% and 6 =0 the generalized (RMS) transformations (1)

reduce to Lorentz transformations between X and S in their familiar form for
the second-order effects. The non-isotropic velocity, ¢(8),in S differs from
the constant value ¢ measured in 2 by Ac=c—cq(6). Therefore, since

vV ~Cq (9)/ L for a linear optical Fabry-Perot cavity of length L (v=v  for
Lorentz invariance), keeping the term (3 + 5—1/2)(V2/C2 )Sin2 0 we obtain

Av A V2o
2 _28_BY sin?e (10)
v, c C

where B=/£+06 —% and @ is the angle between the direction of light propaga-

tion and V. According to relation (10) the relative frequency change between two

resonators oriented relative to vV atangles 6, and 6, is obtained as follows
—A(Vl_VZ)=Bé(sin291—sin2¢92) (11)

v, c

The laboratory is considered fixed on the surface of the earth, in the northern
hemisphere, so we choose the standard coordinate system in the laboratory frame
such that the X axis points south, the y axis points east, and the z axis
points vertically upwards. The sun-centered celestial equatorial frame (SCCEF)
has the X axis pointing towards vernal equinox, the Z axis pointing towards
the celestial north pole and the Y axis is chosen accordingly to complete the
right-handed coordinate system. Also, the consideration that the earth’s orbit is

approximately circular is satisfactory for the requirements of the subject under
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consideration. The rotation from the sun-centered celestial equatorial frame to
the standard laboratory frame is given by
COS y COS@y T, COS ySinw,Ty, —siny
R=| -sinw,T, Cos @, Ty 0 (12)
Sin yCosm, T,  Sin ysinwgT, COSy

where @, isthe earth’s sidereal angular frequency, approximately equal to
27t/(23h 56 min), and y is the colatitude of the laboratory. The time Tg,
which is measured in the sun-centered frame, is the time elapsed from one of the
times at which the y and Y axes coincide, therefore, for each experiment
there is a constant displacement of the axis of time Tg with respect to the axis of
celestial equatorial time T ,equal to AT, .

The supposed preferred isotropic frame ¥ is commonly adopted to be the cos-
mic microwave background (CMB), so, as velocity V is considered the velocity
of the laboratory with respect to the CMB. If we consider only the constant leading
term of the velocity V neglecting the Earth’s orbital and rotational thrusts, its

orientation in the Sun-centered celestial equatorial frame is given by the relation
cosacosh
v(t)=v|sinacosh (13)
—sinb

with a=168", b=-6", and v=370km/s. The terms sin’6,, for i=12, in
Equation (11) can be expressed as follows

2
(v(t)-e (1)

2

in” g (t)=1-
sin” 6, (t) .

(14)

where e, (t) and e,(t) are the unit vectors along the axis of the stationary and
the rotating resonator respectively. The expressions of €, and €, in matrix

form in the laboratory reference system are

1 Cos @, T
(el)lab =10 ! (e2)lab = SinwrotT (15)
0 0

where @, isthe angular velocity of each rotating cavity. The forms of these two
units vectors with respect to the SCCEEF, that is, including the rotation matrix R
of the relation (12), are expressed by the following relations
COS ¥ COS @y T
(e,)=(e,),, R=| cos ysinw,T, (16)
—sin y

COS ¥ COS @, Ty, COS( @y Ty + ) —SIN W, Ty SIN (@, Ty + )
(&) =(e, )ITab R =| €0S 7SiN W, Ty, COS (@ Te + ) +COS 0, Ty, SIN( 0, T +¢) | (17)
—sin y €os (@, Te + )

where ¢=w,,AT,,,and AT, isthe time-axis displacement mentioned above.

exp

The Equation (11) is evaluated based on the relations (13), (14), (16), and (17), so

rot
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the final expression gives an oscillation signal with angular frequency 2@,, and
the sidebands at @, and 2w, . A relevant experimental study is in [29].
Minimal standard model extension (mSME) framework [35]
Including only the photonic sector extension as a part of Lorentz and CPT vio-
lating extension of QED, the relevant Lagrangian is
1

|4 1 K v
£:—ZFWF” —Z(kp) FYF* (18)

KAuv

where F, =0,A —-0,A, . This Lagrangian contains the standard Maxwell term
and an additional Lorentz-violating term, whose coefficient (K )WW is dimen-
sionless and has the symmetries of the Riemann tensor and a vanishing double
trace, which implies a total of 19 independent components. The equations of mo-
tion from Lagrangian (18), which are modified source-free inhomogeneous Max-

well equations, are given by

0,F. " +(ke ),y OF =0 (19)

whereas, defining the electromagnetic tensor F according to the following

equivalence equation
= uv 1 IV
0,F" = Ee/ "0,F, (20)

the following homogeneous Maxwell equations remain unchanged
0,F" =0 (21)

In analogy to the theory of dielectrics, we define two new fields D and H

by the six-dimensional matrix equation

[DJ:[].-FKDE Kog J(Ej 22)
H ke l+x, )\ B

where E and B are the electric and magnetic fields which are solutions of the
modified Maxwell Equation (19), and kpg, Kpg, Kuye» Kpg are 3 x 3 matrices
defined by

(KDE )jk = _2(kF )OjOk
(KHB )ik _ %equekrs (kF )pqrs (23)

(" )jk =~ (e )kj = (ke )ijq e
Following these definitions, the modified Maxwell Equations (19), (21) take the
following form
VxH-0,D=0, V-D=0

(24)
VxE+8,B=0, V-B=0

According to this view, the Lorentz-violating background tensor (K )pqrs can
be considered as a dielectric medium in a space in which there is no charge or

current density. Since H and D depend on the components of (kF)pqrs it
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follows that the properties of this dielectric depend on orientation.

Optical cavity experiments.

Let E;, By, D,, H, be the fields in a conventional operation of an optical
cavity with resonant frequency Vv, . For a resonant mode in the presence of Lo-
rentz violation, with resonant frequency Vv, we consider that the nonzero K
coefficients perturb these resonance fields. We defineby E, B, D, H these
perturbed fields. The case we will consider is that in which the cavity is void of

matter, so the Equation (22) yields the following approximate relations

D-E=xy-E,+xp:-B

DE 0 DB 0 (25)
H-B=x, Ej+x4,-B,

Let 0v =v—V, be the change in the resonant frequency relative to the conven-

tional operation resonant frequency. The resultant fractional frequency shift is

%:_%U)Iv d3X<E;'KDE B - B;'KHB By +2Re(Eg'KDB ' BU)) (26)

where (U)= %Iv dgx(E0 D, +B,- Hg) is the time-averaged energy stored in

the cavity, and is originating from unperturbed fields. In our case the optical cav-
ity is void of matter, therefore e=1 and g =1. The unperturbed fields can be
expressed as
E, (x)=E, cos(a)ol\] X+ ¢)e”“’°t
- . (27)
By (X)=:N x E, sin(wON . x+¢)e”’“"t
where N isa unit vector in the direction of the length of the cavity, ¢ isa phase,
and E; isavector perpendicular to N that specifies the polarization. Substitut-
ing the relations (27) into Equation (26) we obtain the fractional frequency shift:
ov 1 « A A
——:———T{Q(KWEREV{NXEO(WQM(NXEJ} (28)
v 2|E
We consider a change in an observable physical quantity O of electrodynam-
ics in a laboratory which is linear in the matrices Kpg, Kug,and Kpg =—K\e-

In the laboratory frame of reference this change can be given as
ik ik ik ik ik ik
S0 = (Mg )y (Ke )y + (Mo )iy (Kite )y + (Mog )y (K02 (29)

where (Moe),, » (M), > and (Mpg),, are experiment-specific constant
matrices determined by the apparatus. According to the Equation (28) the matri-

ces (M)

L, are expressed as follows

- PSS ES

2|E,[
. Re(NxE;)' (NxE,)
jk 0 0
=— (30)
(MHB )Iab 2|E0|2
(MDB )Ij:b =0
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When laser light incident on a cavity positioned horizontally in an Earth based
laboratory, with the light linearly polarized along the z axis, then, denoting by &
the angle between the X axis and the cavity orientation, N = (cos8,sin6,0), so
the obtained fractional frequency shift in the laboratory frame is

ov 1

» _Z|:2(KDE )f:b_(KHB )Il:b _(KHB )'Z:J (31)

1 2. 1 11 2
_E(KHB Jiap SIN 29_2[("% oo~ (iae )Iab:|cos 20
Transforming the resultant expression of Equation (31) to the Sun-centered ce-
lestial equatorial frame the fractional frequency shift is expressed as
ov

—=A+Bsin26 +Ccos26 (32)
v

where
A=A +ASINogTy + A COSwyTg + Ay SIN 20, Tg + A, COS 2005 Ty,
B =B, +B,sinw,T, + B, cosa, T, + B;sin 2w, T, + B, c0s2w, T,  (33)
C=C,+C;sina,T, +C,cosa,T, +C,;sin2a, T, +C, cos2a, T,

The quantities A;;,54, Byiy54>and Cy,,5, arelinear in the coefficients for
Lorentz violation and depend on the colatitude y . A relevant experimental study
is in [29].

The theoretically predicted experimental results, regarding the Optical resona-
tor experiments, are the subject of study in the following sections. In the case we
study, we denote the speed of the laboratory due to the Earth’s rotational motion
by U, taking into account the Earth’s angular velocity and the geographical loca-
tion of the laboratory. Therefore the accuracy of the calculations in this study is
of the order of u?/c?.

Also the difference of the dimensions order of magnitude within the terrestrial
laboratory compared to the order of magnitude of the Earth’s rotating radius at

the geographical location of the laboratory is taken into account.

3. Basic Theory

We define an inertial frame of reference, S’', and a uniformly rotating frame S .
The angular velocity of rotating frame with respect to the inertial frame is Q. The

coordinate transformations between S and S’ are:

x"=XcosQt — ysinQt (34a)
y'=XxsinQt+ ycosQt (34b)
7'=1 (34¢)
t'=t (34d)

Denoting by X%, xt, %2, %3, respectively, the coordinates Ct, X, Y,z , we have for

the nonzero components of the metric tensor the expressions

goozl_Qz(Xz"'yz)/Czn O =Qy/C, gy, =—X/c,
01=-1 0, =-1 gz =-1

(35)
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The expression for ds® for the rotating frame is given by the relation:
ds? = (1—92 (x*+ yz)/cz)czdt2 —2Q(xdy - ydx)dt —dx® —dy® —dz*  (36)

Let us suppose that a ray of light propagate along a differential straight line
segment of its path between two adjacent points, and that the time coordinates of
the passage of the ray of light through these points are defined as X%, X% +dx’
and that dx° >0. The differential dx° is obtained by solving the Equation (36)
for ds’=0 [36], and is given by the equation

dx° :gi(_gmxdxa +\/(90ago,5 _gaﬁgoo)dxadxﬂ) (37)

00

The following description refers to the case in which the propagation of the
examined light ray takes place in a laboratory on the surface of the Earth, as illus-
trated in Figure 1. The non-inertial motions of the Earth, which are the subject of
the general theory of relativity in terms of considering the metric of space as non-
Euclidean, are rotational motion and tidal motion, since its orbital motion around
the Sun can be considered as approximately inertial during the observation for the
case we are studying. However, the tidal effect on the Earth’s rotational motion is
negligible, because the Earth’s day is currently lengthening at a rate of about 0.002
seconds per century due to this phenomenon [37]. We assume that the inertial
frame S’ is defined by the instantaneously inertial reference frame of the Earth’s
orbital motion around the Sun and that the axes Z and Z’' coincide with the
axis of rotation of the Earth. We also assume that the axes X', Y' of inertial
frameand X, Y of Earth’s rotating frame lie in the plane defined by the Earth’s
parallel (circle of latitude) and coincide respectively at the initial time of the ob-
servation t=t"=0.Theaxes Y', Y passthrough the laboratory space during
the observation. The light signal propagates from the point defined by the position
(X, Y, Z) to a neighboring point defined by the position (x+dx, y+dy,z +dZ) .
For a typical latitude of ¢ =45" the distance of the laboratory from the Earth’s
rotation axis is approximately equal to 4.5 x 10° m. So for observations inside the
laboratory the absolute value of the component (,, of the metric tensor is much
smaller than the absolute value of the g, component, and therefore the compo-

nent (g, isconsidered negligible. From the Equations (35), (37) we obtain

—dex/c+\/dx2 +(dy2 +dzz)(l—sz2/cz)
1-0%y?/c?

dx® =cdt = (38)

The three-dimensional vector, d{, of distance between the two previous men-

tioned points in terms of the space coordinate elements, is derived from the equa-

tion
de? =y, ,dx dx” (39)
where «,f=12,3,and
90,9
}/a/, = _gaﬁ +u (40)
Goo
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Figure 1. O is the center of the depicted Earth sphere, defined on a spherical model. The
location of the laboratory is marked with A. The imaginary circular surface colored in gray
is the Earth’s parallel (circle of latitude) and lies in the XY -plane. The dashed line OB is
paralleltothe Y axis. Theangle ¢ isthe geocentriclatitude of the geographical location
of the laboratory.

The non zero, and non negligible, components of the metric tensor y,, are

Q?y?/c? 1

711:1+1_sz2/cz :1_sz2/cz (41a)
V=1 (41b)
Vs =1 (41c)

The observation place islocated ata distance R from the Earth’s rotation axis.
The velocity of experimental arrangement with respect to the inertial frame S°,
is given by the equation u=QxR, where R =\/X'2 +y? = \/X2 +y? =y, so
u=-Qy.Wealso define y= (1— u? / c? )71/2 . The components of d¢ are related

to the components of dX“ as follows
de? 7 0 0)(dx? 72dx?
2 2 2
dey |=| 0 1 0| dy” |=| dy (42)
de? 0 0 1) dz? dz*

therefore the three-dimensional vector d¢ is expressed by the equation

d¢ = ydxi +dyj +dzk (43)
where iA, jA,IZ are the unit vectors of the Cartesian coordinate system in the ro-
tating frame of the Earth. It therefore becomes clear that the space geometry de-

fined by the line element df is non-Euclidean [38]. The Equation (38) is formu-
lated as follows

cdt = 7(d£ +wj (44)
C
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Integrating the left and right-hand side of Equation (43) we obtain
(=040 j+0K=yxi+Yyj+zkK (45)

In the case of an optical resonator, an electromagnetic wave propagates along a
path of only a few centimeters, so starting the propagation inside the optical cavity
attime t=0,theangle Ot inthe Equations (34a), (34b) is of the order of 107",
and the ratio (XQt) / y is of the order of 1072 Therefore

X'=X—yQt=x+ut (46a)
y'=xQt+y=y="/, (46b)
'=1=1, (46¢)

From Equations (46a) and (46b) it becomes clear that during the short time of
propagation of the light wave inside the optical cavity, practically, the resonator
appears to move with respect to an observer of the inertial frame S’ rectilinearly
in the x'-direction with constant velocity U . Therefore, in this case, the propa-
gation direction of the light wave is considered practically constant. We denote by
dt, the actual differential time of the light wave propagation, so dt, =d//c. In-
tegrating the left and right-hand side of Equation (44) we obtain

t:t':y(t/ + M;) (47)
C

From Equations (45), (47), (46a) we obtain

X'=x+ut’
uZ
=X +?y2x +yut, (48)

=y(l,+ut,)

The Equations (47), (46b), (46¢), (48), lead to the conclusion that the actual
Ly,
in the case of the Earth’s self-rotating reference frame, are approximated by ap-

time 1, and the components / £, of the three-dimensional vector £,

X

plying the Lorentz transformations.

The four-dimensional wave vector is transformed according to the following

equations
k' = %k”’ (49a)
1]
K = aaXTki (49b)

where the X', k' are considered as observed in the inertial reference frame S’',
whereas the X, K are considered as observed in the Earth’s rotating frame.
Therefore, the matrix of covariant vector transformation from the inertial frame

to the Earth’s rotating frame is expressed as follows
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1 —%sin(Qt)—ﬁcos(Qt) %cos(Qt)—gsin(Qt) 0
_ c c c c
rj
(@(_Ijz 0 cos(Qt) sin(Qt) 0
o 0 —sin(Qt) cos(Qt) 0
0 0 1
1 X6 o 0o 0
c ¢ )
1o 1 o ol? co_s(Qt) sin(Qt) 0
0 o0 1 0 0 -sin(Qt) cos(Qt) 0
0 0 0 1 0 0 0 1
1 - o o0l1 000 1 Y00
c c
=|0 1 00 0100 =10 1 0 O
0 0 10 0010 0 010
0 0 0 1 0001 0 0 0 1
therefore,
k) [1 Y 0ol &) [Z-Y%
‘ c c cC c
1=10 1 0 0|l -k, |=| -k (50)
1 1o 0 1 0|« K
k) 1o 0 0 1)l k!

where (a)’/c,—k;,—k;,—kz’), (a)’/c,k;, kS, k;) are the four-dimensional vectors
in covariant and contravariant form with respect to the inertial reference frame
S'. From the relations (50) we obtain

U

ko =%~ 2k, (51a)
c ¢C
(Ky Ky kg) = (=K}, —k), k! ) (51b)

Following a similar procedure for the transformation of contravariant four-di-

mensional wave vector we obtain

oy (100 0o L
K! 10 0| ¢ i u

NE K |=| k= (52)

g 0 010 kg <

0 00 1)K ¢

and
kO:% (53a)
’ ,u ’ !

(kl,kz,ks):(kx_aé_z’ky'kzj (53b)

Let f bea quantity describing the field of a wave, which has the form
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f =ae" (54)

In case the wave is not plane, but geometrical optics is applicable, the first order

expansion of the eikonal / , over a small space region, is expressed as

Y=y, tr: a_W+t6l//

55
or ot (55)

where the origin for coordinates and time has been chosen within the space region
and time interval under consideration, and the derivatives are evaluated at the
origin. Since in each small region, and each small interval of time, the wave can

be considered as plane, we can write

k=¥ oV (56)
or ot
and in four dimensional form
oy
ki =——— 57
Yoo 57

In the Earth’s rotating frame, the angular frequency expressed in terms of the
world time x°/c is @, =ck, =—cdy/0x" and in our case remains constant
during the propagation of the light ray. The angular frequency measured in terms
of the proper time is @=—0y /07 . We have

0
po OV _ Oy X _ Oy ¢ =yck, =y (@' —u-k)  (58)

or o’ or ax\/a r

The three-dimensional vector Kk in terms of the Earth’s rotating frame space

metric, obeys the equation

k? = yaﬁk“kﬂ (59)

therefore

N ARG

k2|=[ 0 1 of (k) |=| (k) (60)

k? 0 01 (k3)2 (k3)2
and

K=k (y—p WU ou (61)

u? c?

Equations (58), (61) show that in our case the quantities k and ® are ap-
proximated by the Lorentz transformations. They also agree with the hypothesis
of locality in the “eikonal limit” as expected [39] [40], since the frequency of the
electromagnetic wave for an optical cavity experiment (for example in [29]) is of
the order of 10'* Hz, while the frequency of rotation of the Earth is of the order of
10~° Hz, so the ratio Q/@ is of the order of 107"
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4. Standing Wave

It is useful to present an excerpt from what is stated in [36] (CHAPTER 7, THE
PROPAGATION OF LIGHT, at the beginning of the paragraph §53. Geometrical
optics) regarding the cases in which the electromagnetic wave under considera-

tion can be considered to be plane:

“A plane wave is characterized by the property that its direction of propagation
and amplitude are the same everywhere. Arbitrary electromagnetic waves, of
course, do not have this property. Nevertheless, a great many electromagnetic
waves, which are not plane, have the property that within each small region
of space they can be considered to be plane. For this, it is clearly necessary
that the amplitude and direction of the wave remain practically constant over
distances of the order of the wavelength. If this condition is satisfied, we can
introduce the so-called wave surface, i.e. a surface at all of whose points the

phase of the wave is the same (at a given time)...”

In a rotating reference frame, in general, light does not propagates along
straight Euclidean lines. In our case, however, according to the relations (46a),
(46b) and the commentary that follows, it is found that the propagation direction
of the electromagnetic wave is practically constant within the space of the optical
cavity. Therefore, the electromagnetic wave in question can be considered to be
plane.

Let F be any quantity describing the field of the wave (any component of E
or H ). For a plane monochromatic wave, F has the form

F= Re{Ae’(k"""‘”a)} (62)

where Kk, @ are the three-dimensional wave vector and the actual angular fre-
quency respectively, with respect to the Earth’s rotating frame.
A such plane wave in a resonator cavity, in a laboratory on the Earth’s surface,

can be expressed in the form

l:ix = ASin(kixfx _a)lxt/) (63)
for the incident wave, where with the subscript i this wave is declared as inci-
dent and the subscript X is used to determine the wave propagation along the

X -axis, i.e. parallel to the vector velocity U of the laboratory, as it is mentioned

in the previous section. The reflected wave can be expressed in the form

F = Asin(k,/, + o,t,) (64)

rx—x

The derived standing wave is expressed in the form
st = Fix + Frx

. (1
=2Asin (E[(kix +Ky ) 0, +(—ao, +a),x)tl]j (65)

><cos(%[(kiX —Ky ) 0 = (@ + @, )tf]]

From Equations (58), (61), we obtain

DOI: 10.4236/jmp.2026.175024

528 Journal of Modern Physics


https://doi.org/10.4236/jmp.2026.175024

K. Patrinos

k, = yk'(l—ﬂj (66a)
c
u

K, = 7k’(1+—] (66b)
c
u

Wy = ;/a)’[l——j (66¢)
c
u

Wy = ;/a)'(1+—) (66d)
C

therefore the Equation (65) takes the form

F - 2Asin[7k'(fx +ut5)]cos{7a)'(ucéx +t€ﬂ (67)

Finally, according to Equations (47), (48), the obtained expression of standing

wave is
F,. = 2Asin(k'x")cos(@'t") (68)

If the orientation of the resonator is along the Y -axis, then k; =k, =k’,
@, = o, = yo', and according to Equation (47), given that for /, =0 we obtain

t, =t'/y , the expression for the standing wave is
F,, = 2Asin(kYy')cos(a't') (69)

Following a similar procedure for the orientation of the resonator along the Z -

axis, the obtained expression for the standing wave is

F,, = 2Asin(k'z')cos(w't') (70)

5. Fractional Frequency Shift in a Linear Optical Fabry-Perot
Cavity

At each observation time, t, the coordinate system of the inertial system S’
must have rotated by an angle Qt . around the z'-axis, so that all the axes of
S and S’ coincideand x=x', y=y’', z=1".We consider that at time t,,
the resonator, whose optical cavity has a length L, is oriented parallel to the X-
axis and at this time one of the end-plates surface is at position x =0, whereas

the other surface is at position X = X,. The Equation (68) takes the form
Fy = 2Asin(k'x)cos(a't,, ) (71)

The Equation (45) which obeys the space metric of the Earth’s rotating frame
yields the equality ¢, = yX, so in our case, for an orientation parallel to X -axis,
X, = L/y . The value of F,
X=0, X=X,.Under these conditions the following equality is obtained

« in Equation (71) must be zero at the two positions

k'%, =k'£=nn (72)
e

where N=12,3,--- Therefore the wavelength A, is given by the relation
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2L
A=— (73)
ny
and the resonant frequency is obtained from the equation
nc
V=Y — (74)

2L

When the orientation of the resonator is in the Yy -direction, or in the z -di-
rection, then the measured length Yy, or Z,, respectively, of the internal cavity
of the resonator is equal to L . Therefore, in this case the wavelength A is equal

to 2L/n and the corresponding resonant frequency is

_nc

=— 75
Ve =51 (75)

Upon rotation of the resonator by 90°, starting from the x-direction and ending
in the y-direction or in the z-direction, the change in the resonant frequency is

obtained from the relation

nc 1u®nc

= 76
2L 2c®2L (76)

Av=v,—-v,,=(r-1)

For a typical value of the velocity U equal to 0.4 x 1073, the ratio Av/v is

Av_1uv
v 2c¢?

c

=8.88x107" (77)

Therefore, for an approximation of the order of u® / c?, there is a low limit to
the maximum value of the ratio Av/v during the rotation of the resonator, as a

result of the rotational motion of the Earth.

6. Comparison between Theoretical Result and
Experimental Data

The most basic principle of physics is that a theory corresponds to physical reality
when its predictions are in agreement with experiment. This principle makes the
comparison between theoretical results and experimental data necessary.

In this section we list an experimental result and the corresponding prediction
of the general theory of relativity. This theoretical prediction results from the
study of the phenomenon of optical resonance observed in a cavity of an optical
resonator based on the foundation of the general theory of relativity. The theoret-
ical result of this study, given by the relation (77), is larger than the corresponding
experimental one by several orders of magnitude, as shown in Table 1 in which
these results are listed.

A number of experiments that check the stability of the speed of light, using
optical resonators, have been carried out since 1955 up to the present day, and of
course the accuracy of the experiments of the last decades cannot be doubted. This
means that a radical revision of this physical theory generally accepted by the sci-

entific community is required, at the level of basic principles.
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Table 1. Theoretical and experimental result. The experimental work entitled “Rotating
optical cavity experiment testing Lorentz invariance at the 107" level” was carried out by
Herrmann, S.; Senger, A.; Méhle, K.; Nagel, M.; Kovalchuk, E. V; Peters, A. in 2009 [29].

Prediction of general relativity Experimental result
LY _g88x10" AY 10
v v

7. Discussion

In the latest optical resonator experiments the results are Av/v <10™ during the
period 2003-2004 [19]-[22], Av/v < 107% during the period 2005-2007 [23]-[27],
Av/v <107 in the year 2009 [28] [29],and Av/v <9.2+10.7x107° (95% con-
fidence interval) in the year 2015 [30]. All these experimental results are in complete
disagreement with the result of general relativity given by the relation (77).

In the present theoretical study, an anisotropy of the measured fractional fre-
quency shift with respect to the orientation of the resonator’s optical cavity is
highlighted, which is imposed by the foundation of the theory of relativity in the
rotating reference frame of the Earth. This anisotropy is of the order of
(1 2)(u2 / CZ) , considering U as the velocity of a laboratory based at the Earth’s
surface, due to the rotation of the Earth with angular velocity Q. This order of
magnitude is of course much larger than that measured based on the predictions
of known models testing the anisotropy of the speed of light. This is understood
based on the study of two such models which are presented in section 1, and are
developed according to the search for Lorentz violation.

The question arises whether there are external factors that could affect the ex-
perimental result. The gravitational field of the Earth for example, from a relativ-
istic point of view creates a curvature of space, but apart from the fact that this
effect on an optical beam is weak, it cannot bring about any variation in the speed
of light, due to spherical symmetry, since the axis of rotation of the optical reso-
nators during the experiment is vertical, and the optical beams are perpendicular
to this axis.

However according to the work in [34], p. 387, regarding the experiment in
[29], the following is stated.

“Substantial effort was spent on minimizing systematic effects associated
with turntable rotation (see Fig. 5). Besides good thermal and electromag-
netic shielding, prevention of cavity deformations due to external forces is
most importantly involved here. Such forces are either of centrifugal or grav-
itational origin. If not supported in a perfectly symmetric manner the latter
causes a deformation when tilted against the horizontal. The observed rela-
tive frequency change for our setup is 1.5 x 107'%/urad. Tilts which vary as a
function of the orientation of the turntable enter the analysis of the experi-
ment as a systematic error, and have to be suppressed by keeping the rotation

axis vertical and preventing wobble in the setup.”
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Regarding these systematic effects and their treatment, in [29], p. 105011-2, the

following is stated.

“On the other hand, active rotation potentially causes a systematic modula-
tion of the beat frequency and might thus mimic an anisotropy signal. For
example, gravitational or centrifugal forces that act on the resonators may
get modulated with the turntable rotation and therefore modulate the length
of the resonators. However, most of these effects lead to a modulation at a
rateof @, =2mn/T, so that they are in principle distinguishable from the an-
isotropy signal searched for at 2@, . Moreover, if the data spans more than
one day, systematic effects with a fixed phase in the laboratory average out in
the analysis for an anisotropy of C that is fixed relative to a sidereal frame.
Although such an analysis helps to discriminate a sidereal anisotropy signal
from systematics, a large effort was still made to reduce systematic effects
bothat 2@, and a,.

First of all, we use a high precision air bearing turntable specified for <1
urad rotation axis wobble. Furthermore, we also prevent long-term varia-
tions of the rotation axis tilt, caused, for example, by daily fluctuations of the
building tilt of several urad. For this we apply an active stabilization [12] that
keeps the rotation axis vertical to better than 1 prad, which reduces the effect
from a periodic deformation of the cavities to frequency variations of less
than 0.1 Hz in amplitude. Effects from varying centrifugal forces are also re-
duced below an amplitude of 0.1 Hz by an active stabilization of the rotation
rate. Further measures include balancing the center of mass of the table (<1
mm offset from the rotation axis) and shielding the lasers and optics outside
the vacuum chamber against air currents and temperature gradients in the

laboratory.”

It is obvious that the experimental results derived from the use of optical reso-
nators and concerning tests of the constancy of the speed of light, during the pe-
riod 2003 to 2015, cannot be questioned. Therefore their massive discrepancy with
the theoretical result of relation (77), clearly demonstrates the weakness of the
foundation of the general theory of relativity with regard to the interpretation of

the phenomenon which is observed in these experiments.
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