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This paper indroduces the precision test of Lorentz invariance using ultra-stable and low-loss opti-

cal cavities. The effective-field theory widely adopted in the analysis of experimental data has been

reviewed. The sensitivity of the cavity resonant frequency to the Lorentz-violating tensor field is dis-

cussed in detail. In addition, the polarization of the optical field has been added to the model, and our

analysis shows that the frequency shift due to Lorentz violation is not sensitive to the polarization of

the optical field.
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1 Introduction

The standard model of elementary particles has its foun-
dations in quantum theory and special relativity. Over
the past decades, theoretical and experimental investi-
gations [1–4] have arrived at a regime where both quan-
tum and relativity effects pervade, such as black holes
and the dynamics of the early stage of the Universe
[5, 6]. Although many progresses have been achieved,
there are fundamental issues waiting for explanations,
and a quantum theory of gravity is needed. The exist-
ing theory indicates that these two branches will merge
at Planck scales (energy: 1.22×1028eV, dimension: 1.61
×10−35 m). To achieve this unification, many new theo-
ries beyond the standard model are under development.
On the experimental side, tests of new theories down to
the Planck scales are obviously unpractical. However,
ongoing and planned precision measurements are able to
search indirect evidences at low energies that point to
new physics.

Being a symmetry of spacetime, Lorentz invariance is
one of the founding pillars in Einstein’s special relativ-
ity. In many developing new theories, this symmetry can
be broken, opening possibilities of detectable effects at
low-energy limits. For instance, in string theory there is
a mechanism leading to a spontaneous break of Lorentz
symmetry, and this effect may leave a low-energy signa-
ture [1, 2], which points a route for the test of quantum

gravity at its low-energy limit.
This paper sketches the theoretical background and

introduces the experimental test of Lorentz invariance
using optical cavities. Section 2 concerns the theoretical
background of the Lorentz symmetry break. The exper-
imental test of Lorentz invariance using optical cavities
is discussed in Section 3. This section begins with an in-
troduction of the basic experimental setup, followed by a
detailed review of the theoretical model that gives the re-
lationship between the observation and various Lorentz-
violating terms. In addition, the polarization depen-
dence of the experiments is also examined.

2 Theory

2.1 Spontaneous Lorentz violation

We generally expect that the Lorentz violation arises
from a spontaneous symmetry break. In this mecha-
nism the symmetry of the original Lagrangian and the
dynamics is not explicitly violated, but the ground state
of the system fails to respect the symmetry. The central
idea of the spontaneous symmetry broken is that a field
acquires a nonzero vacuum expectation value (VEV) and
can couple to other fields. For instance, the Higgs field
with a nonzero VEV generates a spontaneous symmetry
break in the standard model based on a SU(2)×U(1)
symmetry. In string theory there is a possibility that the
Lorentz symmetry can be spontaneously broken [1]. This
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approach allows for tensor fields having nonzero VEVs
and definite space-time orientations. Thus the Lorentz
symmetry can be violated for known fields because of
their interactions with the tensor fields. For example, in
the Bumblebee model, tensor field Bμ acquires a nonzero
VEV bμ:

LB = Lg + LgB + Lk + Lν + LJ (1)

where Lg is the Lagrangian of the gravitational field, LgB

is the interaction between the tensor field and gravita-
tional field, Lk is the kinetic energy of the tensor field,
Lν contains potential energy that leads to spontaneous
Lorentz violation, and LJ denotes the interaction with
other fields.

Although the analysis based on spontaneous symme-
try break allows a close examination of the properties of
the Lorentz violation, it has limited application in the ex-
perimental test of Lorentz invariance because the explicit
form of the resultant Largrangian varies with different
scenarios of the spontaneous Lorentz violation. Alter-
natively, an effective Largrangian has been developed to
encompass a complete set of possible Lorentz-violating
terms that may have different origins, including spon-
taneous symmetry break. The following section gives a
brief review of this effective field theory.

2.2 Effective-field theory

Alternatively, Lorentz violation can also be described by
an effective-field theory, which is often employed to ex-
tract the upper bounds from experimental data for vari-
ous Lorentz-violating terms in different particle sectors.
In effective-field theory various Lorentz-violating terms
are added into the original standard model Lagrangian.
The theory can be viewed as a phenomenological theory
describing Lorentz violation as:

L = LSM + δL (2)

where δL contains the interaction between standard-
model fields and the gravitational field. In this
effective-field theory, physical results are still indepen-
dent of the observer; i.e., the observer symmetry is pre-
served. Effective-field theory with observer-independent
Lorentz-violating terms is called standard model exten-
sion (SME). To guarantee observer independence, δL can
only contain observer scalars under local Lorentz and
general coordinate transformations:

Tλμν...(SM)λμν... ⊆ δL (3)

Note that the gravitational field has been included in
tensor field Tλμν.... The relationship between Tλμν... and
Tabc··· in a local Lorentz frame is [7]

Tλμν··· = ea
λe

b
μe

c
ν · · ·Tabc··· (4)

where ea
λ provides the link between the spacetime mani-

fold and local Lorentz frame, and satisfies gμν = ea
λe

b
μηab

(gμν and ηab are the metrics of the spacetime manifold
and local Lorentz frame, respectively). The covariant
derivatives including spin connection ωa

μb are

Dμe
a
ν = ∂μe

a
ν − Γα

μνe
a
α + ωa

μbe
b
ν (5)

In the Minkowski limit, gμν = ημν and Tλμν··· becomes a
constant tensor in a fixed frame.

In principle, SME contains an infinite number of
terms. To investigate the low-energy effect, a subset of
the SME, namely, the minimal SME, only considers those
terms with power-counting renormalizability and gauge
invariance. The minimal SME of QED is [8, 9]

L =
i
2
ψ̄ΓνD

νψ − 1
2
ψ̄Mψ − 1

4
FμνFμν

−1
4
(kF )κλμνFκλFμν +

1
2
(kAF )κεκλμνA

λFμν (6)

where

Γν = γν + cμνγ
μ + dμνγ5γ

μ + eν + ifνγ5 +
1
2
gλμνσ

λμ

M = m+ aμγ
μ + bμγ5γ

μ +
1
2
Hμνσ

λμ (7)

cμν , dμν , eν , fν , gλμν , aμ, bμ, Hμν , (kF )κλμν , (kAF )κ are
tensors responsible for Lorentz violation. The last two
terms in the Lagrangian originate from the photon sec-
tor, and the rest are from electron sector.

In this effective-field theory, Lorentz violation happens
in the form of a particle symmetry break, meaning phys-
ical results change as a transformation (such as trans-
lation or rotation) is performed upon the particles. As
shown in Fig. 1, Tλμν... can be viewed as a nonzero back-
ground tensor field, which bears spacetime indices and
specifies a spacetime direction. Lorentz violation is thus
possible because of the new interaction between the par-
ticle and the tensor field.

Tensor field

Partical field

v
v

1

2

k1

k2 ′

Fig. 1 Effective-field theory of Lorentz violation. Inertial frame
k1is at rest with respect to a tensor field while inertial frame k2

moves. Two observers, standing still, respectively, in k1 and k2,
perform the same measurements on a particle (particle 1) that is
at rest in frame k1. Their results are related to each other ac-
cording to Lorentz transformation; thus, the observer symmetry
is preserved. However, if the particle moves with respect to the
tensor field (particle 2), Lorentz symmetry can be broken because
of the new interaction between the particle and the tensor field.
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3 Experimental test of Lorentz symmetry

using optical cavities

3.1 Modification of the resonant frequency of an
optical cavity due to Lorentz violation in the context
of SME

Lorentz violation in electrodynamics can be tested with
high precision using microwave [10] or optical cavities
[11]. We now introduce the experimental test of the
Lorentz invariance using optical cavities in the context
of SME. Figure 2 is the basic experimental setup.

Laser

Servo

Frequency
adjustment

Optical cavity

Fig. 2 Test of Lorentz invariance using optical cavities. Two
separate laser beams are independently locked to two cavities that
are orthogonal to each other in the horizontal plane. The cavities
are either fixed in the lab frame or installed on a turntable.

The resonant frequency of an optical cavity is

ω = 2π
mc

2nL
(8)

wherem is an integer, c is the speed of light in vacuum, n
is the refractive index of the cavity filling material, and L
is the cavity length. Hereinafter, we focus on empty cav-
ities whose optical path is void of matter. The resonant
frequency of the cavity is modified via three pathways if
there is a genuine Lorentz violation:

(1) Lorentz violation in the photon sector will change
the resonant frequency of the cavity. This could be at-
tributed to a small modification of the speed of light in
vacuum (c = c0+δc) because of the photonic Lorentz
violation [12],

δc

c0
=

1
2
[(N̂ × Ê∗)κHB(N̂ × Ê) − Ê∗κDEÊ] (9)

Here, the unit vectors N and E , respectively, denote
the directions of the cavity axis and the polarization.
κDE ,κHB , κDB, and κHE are defined through

(κDE)jk = −2(kF )0j0k , (κHB)jk =
1
2
εjpqεkrs(kF )pqrs

(κDB)jk = −(κHE)kj = εkpq(kF )0jpq (10)

(2) Photonic Lorentz violation also modifies the

Coulomb potential Φ(x) =
e2

4π |x| + V (x), changing the

length of the cavity in the following way [13]:

δL

L
= a�N̂(κDE)labN̂ + a⊥[Ê∗(κDE)labÊ

+(N̂ × Ê∗)(κDE)lab(N̂ × Ê)] (11)

The values of a� and a⊥ are related to the material
properties of the cavity. Detailed analysis indicates this
effect is negligible for most experiments [13].

(3) Electronic Lorentz violation modifies the kinetic
energy of an electron, leading again to a change in the
cavity length [14, 15]. The strain tensor of the cavity
material related to this effect is

ejk =
1
2

(
∂Lj

∂xk
+
∂Lk

∂xj

)
= BjklmE

′
lm (12)

Here, E′
jk = −cjk − 1

2
c00δjk. B is the sensitivity tensor

solely determined by the material properties of the cav-
ity. It is then straightforward to determine the length
change from ejk using the standard strain-stress rela-
tionship in a continuum. As an example, the nonzero
elements of the sensitivity tensor for cubic crystals or
noncrystalline materials are listed below:

B1111 = B2222 = B3333 = B11

B1122 = B1133 = B2211 = B2233

= B3311 = B3322 = B12

B1133 = B2233 = B13

2B2323 = 2B3131 = 2B1212 = B44 (13)

Combining the abovementioned three effects, one ob-
tains the frequency shift induced by Lorentz violation in
electrodynamics:

δν

ν
=
δc

c0
− δL

L
(14)

3.2 Resonant frequency shift of an optical cavity with
specified orientation and polarization

Here, we assume that the cavity axis is in the x-y plane:
N̂ = (cos θ, sin θ, 0) and the polarization of the light Ê0,
being perpendicular to N̂ has an angle δ with respect
to the z axis: Ê0 = (sin δ sin θ,− sin δ cos θ, cos δ). The
frequency shift due to photonic and electronic Lorentz
violations can be organized to

δν

ν
= A+B sin θ + C cos θ +D sin 2θ + E cos 2θ (15)

with

A= −1
4
[(κDE)11lab sin2 δ + (κDE)22lab sin2 δ

+2(κDE)33lab cos2 δ − (κHB)11lab cos2 δ

−(κHB)22lab cos2 δ−2(κHB)33lab sin2 δ]+B12 · E′33
lab
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+
1
2
(B11 +B12) · (E′11

lab + E′22
lab)

B = −[(κDE)13lab + (κHB)13lab] sin δ cos δ

C = [(κDE)23lab + (κHB)23lab] sin δ cos δ

D=
1
2
[(κDE)12lab sin2 δ − (κHB)12lab cos2 δ]

−1
2
(B11 −B12) ·E′12

lab − 1
2
(B11 −B12) · E′21

lab

E =
1
4
[((κDE)11lab − (κDE)22lab) sin2 δ − ((κHB)11lab

−(κHB)22lab) cos2 δ] +
1
2
(B11 − B12) ·E′11

lab

−1
2
(B11 −B12) · E′22

lab (16)

A varying frequency shift can be interpreted as an ex-
perimental evidence of Lorentz violation when the test
is performed in a boosted/rotated coordinate. Often the
cavity is fixed in a laboratory frame that moves with the
Earth’s rotation and orbit, as shown in Fig. 3. In addi-
tion, the cavity can be installed on a turntable with its
rotational axis around zlab and an angular frequency of
ωl. In the framework of SME, the upper bounds of var-
ious Lorentz-violating terms can be extracted from the
experimental data with the help of Eqs. (15) and (16).

Sun

Equatorial plane

Orbit

Earth

Z

YXη=23.4°

Fig. 3 Sun-centered coordinate. η=23.4◦ is the angle between
the orbital and equatorial planes

3.3 Lorentz-violating parameters in Sun-centered
frame

In order to use the rotational and orbital movements of
the Earth, we transform the tensor from the lab frame
to the Sun-centered frame, i.e.,

T λμν···
lab = Λλ

aΛμ
b Λν

c · · ·T abc···
Sun (17)

The explicit form of the matrix Λ is listed in Appendix
1. With Eq. (17), one can derive the following transfor-
mations for the related Lorentz-violating parameters:

(κDE)jk
lab = T jkJK

0 (κDE)JK − T
(jk)JK
1 (κDB)JK

(κHB)jk
lab = T jkJK

0 (κHB)JK − T
(jk)KJ
1 (κDE)JK

(κDB)jk
lab = T jkJK

0 (κDB)JK + T kjJK
1 (κDE)JK

+ T jkJK
1 (κHB)JK (18)

c00lab = −βJ(cTJ + cJT )

cijlab = −RikRjJβkcTJ −RjkRIJβkcJT

+RiIRjJcIJ (19)

Here, T jkJK
0 = RjJRkK , T jkJK

1 = RjPRkJεKPQβQ,
and R is the rotation matrix. Note that in obtaining the
above transformation, the quadratic and higher-order
terms in β have been dropped. In order to analyze the
result more conveniently, we make the following decom-
position [12]:

(κ̃e+)JK =
1
2
(κDE + κHB)JK

(κ̃e−)JK =
1
2
(κDE − κHB)JK − 1

3
δJK(κDE)LL

(κ̃o+)JK =
1
2
(κDB + κHE)JK

(κ̃o−)JK =
1
2
(κDB − κHE)JK

κ̃tr =
1
3
(κDE)LL (20)

where κ̃o+ is antisymmetric and the others are symmet-
ric. κ̃tr is a scalar. This new combination is more conve-
nient to analyze the sensitivity of the Lorentz-violating
parameters in the experiment. Analysis of the astro-
physical data shows

∣∣(κ̃e+)JK
∣∣ , ∣∣(κ̃o−)JK

∣∣ � 10−32(Sun-
centered frame) [12]. As a result, these two sets of pa-
rameters can be neglected with the present experimental
precision. The final result can be written as:

A = A0+As1 sinω⊕T⊕+Ac1 cosω⊕T⊕+As2 sin 2ω⊕T⊕

+Ac2 cos 2ω⊕T⊕

B = B0 +Bs1 sinω⊕T⊕ +Bc1 cosω⊕T⊕

+Bs2 sin 2ω⊕T⊕ +Bc2 cos 2ω⊕T⊕

C = C0 + Cs1 sinω⊕T⊕ + Cc1 cosω⊕T⊕

+Cs2 sin 2ω⊕T⊕ + Cc2 cos 2ω⊕T⊕

D = D0 +Ds1 sinω⊕T⊕ +Dc1 cosω⊕T⊕

+Ds2 sin 2ω⊕T⊕ +Dc2 cos 2ω⊕T⊕

E = E0 + Es1 sinω⊕T⊕ + Ec1 cosω⊕T⊕

+Es2 sin 2ω⊕T⊕ + Ec2 cos 2ω⊕T⊕ (21)

The signal contains fundamental and second harmonic
of the Earth’s rotational frequency, while the compara-
tively slow orbital dependence is absorbed by the fitting
parameters on the right-hand side of Eq. (21). The ex-
plicit forms of these fitting parameters are listed in Ap-
pendix 2. The final result is independent of δ, indicating
that the result is not sensitive to the polarization of the
light. This analysis can be easily extended to the case of



202 Yan LI, Liu-feng LI, and Li-sheng CHEN, Front. Phys. China, 2009, 4(2)

two orthogonal cavities, as shown in Fig. 2.

4 Summary and remarks

A precision test of Lorentz invariance can be imple-
mented by ultra-stable and low-loss optical cavities. The
effective-field theory widely adopted in this type of ex-
periment has been reviewed. The sensitivity of the cavity
resonant frequency to the Lorentz-violating tensor field
is discussed in detail. In addition, the polarization of
the optical field has been added to the model, and our
analysis shows that the frequency shift due to Lorentz vi-
olation is not sensitive to the polarization of the optical
field.

A complementary task is to investigate how Lorentz
symmetry is preserved with high precision in the low-
energy limit readily accessed by the experiments while,
in new theories, the symmetry can break at high en-
ergies. Addressing this “fine-tuning” problem becomes
more urgent as the upper bounds of various Lorentz-
violating terms have been continuously pushed down by
laboratory precision measurements [16−22], high-energy
particle physics [23−25], and astronomical observations
[26−28].

Unexplained physical phenomena in different branches
can share the same origin when examined in a deeper
theory. Extensive and detailed experimental data are
needed to cast a web of connection on a variety of ongo-
ing precision measurements from which new theory can
be extracted and distilled. That direct theoretical predi-
cations are only available down to the Planck scale is an
obstacle confronting current experiments. High-energy
particle physics and astronomical observations are major
ways to probe the fundamental laws of physics. Besides,
large-scale ground-based or space-born precision mea-
surements and controlled experiments in laboratories
can also provide complementary tests aiming at an ex-
haustive search for the signatures of new theories. With
the continuously improved precision, hope does exist to
bridge the gap between the new theories and their direct
experimental verification.

Acknowledgements This work was supported by Wuhan Insti-
tute of Physics and Mathematics, Chinese Academy of Sciences.

Appendix 1

The Lorentz matrix between the lab frame and the Sun-
centered frame is

Λ =

⎛
⎜⎜⎜⎜⎝

1 −β1 −β2 −β3

−(R · β)1 R11 R12 R13

−(R · β)2 R21 R22 R23

−(R · β)3 R31 R32 R33

⎞
⎟⎟⎟⎟⎠ (A-1)

where R is the rotation matrix, and β is the relative ve-
locity of the lab with respect to the Sun-centered frame.

R=

⎛
⎜⎝

cosχ cosω⊕T⊕ cosχ sinω⊕T⊕ − sinχ

− sinω⊕T⊕ cosω⊕T⊕ 0
sinχ cosω⊕T⊕ sinχ sinω⊕T⊕ cosχ

⎞
⎟⎠
(A-2)

β=β⊕

⎛
⎜⎝

sinΩ⊕T

− cos η cosΩ⊕T

− sin η cosΩ⊕T

⎞
⎟⎠+βL

⎛
⎜⎝

− sinω⊕T⊕
cosω⊕T⊕
0

⎞
⎟⎠
(A-3)

χ is the latitude of the laboratory. η=23◦26′ is the an-
gle between the XY celestial equatorial plane and the
Earth’s orbital plane. The first and the second terms
on the right-hand side of Eq. (A-3) are the orbital and
rotational speeds (β: linear, ω and Ω : angular) of the
Earth, respectively. T⊕ starts when the y axis of the
lab frame coincides with the Y axis of the Sun-centered
frame, thus having a constant difference with T .

Appendix 2

As shown in Eq. (21), the shift of the resonant frequency
due to various Lorentz-violating tensors can be expanded
around the angular frequencies of the Earth’s rotation
and orbit. The following expressions give the explicit
forms of the fitting parameters in Eq. (21), which ab-
sorb the rotational dependence. In these expressions,

Bq = B11 −B12 and c(IJ) =
cIJ + cJI

2
.

A0 =
1
16

[(−6B11 − 10B12)(cXX + cY Y )

−(4B11 + 12B12)cZZ − (κ̃e−)ZZ − 16κtr

+ cos 2χ(6Bqc
ZZ−3(κ̃e−)ZZ)]+

1
8
β⊕[26B12c

(TX)

+14B11c
(TX) − 11(κ̃o+)Y Z − cos 2χ(−2Bqc

(TX)

+(κ̃o+)Y Z)] sinΩ⊕T +
1
8
β⊕[sin η(−(12B11

+8B12)c(TZ) + 10(κ̃o+)XY ) + cos η(−(14B11

+26B12)c(TY ) − 11(κ̃o+)XZ) − cos 2χ(sin η

(−4Bqc
(TZ) + 2(κ̃o+)XY ) + cos η(2Bqc

(TY )

+2(κ̃o+)XZ))] cosΩ⊕T

As1 =
1
4
[βL(−8B11c

(TX) − 12B12c
(TX) + 6(κ̃o+)Y Z)

− sin 2χ(−2Bqc
(Y Z) + (κ̃e−)Y Z)]

+
1
4
β⊕ sin 2χ[sin η(2Bqc

(TY ) + (κ̃o+)XZ)
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+ cos η(2Bqc
(TZ) − (κ̃o+)XY )] cosΩ⊕T

Ac1 =
1
4
[βL(8B11c

(TY ) + 12B12c
(TY ) + 6(κ̃o+)XZ)

− sin 2χ(−2Bqc
(XZ) + (κ̃e−)XZ)]

+
1
4
β⊕ sin 2χ[−2Bqc

(TZ) + (κ̃o+)XY ] sinΩ⊕T

−1
4
β⊕ sin η sin 2χ[−2Bqc

(TX)+(κ̃o+)Y Z ] cosΩ⊕T

As2 = −1
4

sin2 χ[−2Bqc
(XY ) + (κ̃e−)XY ]

−1
4
β⊕ sin2 χ[2Bqc

(TY ) + (κ̃o+)XZ ] sinΩ⊕T

−1
4
β⊕ cos η sin2 χ[−2Bqc

(TX)+(κ̃o+)Y Z ] cosΩ⊕T

Ac2 =
1
8

sin2 χ[2Bq(cXX −cY Y )−(κ̃e−)XX +(κ̃e−)Y Y ]

+
1
4
β⊕ sin2 χ[−2Bqc

(TX) + (κ̃o+)Y Z ] sinΩ⊕T

−1
4
β⊕ cos η sin2 χ[2Bqc

(TY ) + (κ̃o+)XZ ] cosΩ⊕T

(A-4)
B0 = Bs1 = Bc1 = Bs2 = Bc2 = 0

C0 = Cs1 = Cc1 = Cs2 = Cc2 = 0

D0 =
1
2
βL sinχ(2Bqc

ZT + (κ̃o+)ZT )

−1
2
Bqβ⊕ cosχ(cTY − cY T ) sinΩ⊕T

−1
2
Bqβ⊕ cos η cosχ(cTX − cXT ) cosΩ⊕T

Ds1 =
1
2
βL cosχ(−2Bqc

Y T + (κ̃o+)XZ)

+
1
2

sinχ(2Bqc
(XZ) + (κ̃e−)XZ)

−1
2
β⊕ sinχ(2Bqc

ZT + (κ̃o+)XY ) sinΩ⊕T

+
1
2
β⊕ sin η sinχ(2Bqc

TX + (κ̃o+)Y Z) cosΩ⊕T

Dc1 = −1
2
βL cosχ(2Bqc

XT + (κ̃o+)Y Z)

−1
2

sinχ(2Bqc
(Y Z) + (κ̃e−)Y Z)

−1
2
β⊕ sinχ[(2Bqc

TY − (κ̃o+)XZ) sin η

+(2Bqc
ZT + (κ̃o+)XY ) cos η] cosΩ⊕T

Ds2 = −1
4

cosχ[2Bq(cXX − cY Y )

+(κ̃o+)XX − (κ̃o+)Y Y ]

+
1
2
β⊕ cosχ(2Bqc

(TX) + (κ̃o+)Y Z) sinΩ⊕T

+
1
2
β⊕ cos η cosχ(2Bqc

(TY ) − (κ̃o+)XZ) cosΩ⊕T

Dc2 =
1
2

cosχ[2Bqc
(XY ) + (κ̃e−)XY ]

−1
2
β⊕ cosχ(2Bqc

(TY ) − (κ̃o+)XZ) sinΩ⊕T

+
1
2
β⊕ cos η cosχ(2Bqc

(TX) + (κ̃o+)Y Z) cosΩ⊕T

E0 =
1
4
Bq sin2 χ(cXX + cY Y − 2cZZ)

+
3
8

sin2 χ(κ̃e−)ZZ − 1
4
β⊕ sin2 χ(2Bqc

(TX)

+(κ̃o+)Y Z) sinΩ⊕T

+
1
4
β⊕ sin2 χ[−2(2Bqc

(TZ) − (κ̃o+)XY ) sin η

+(2Bqc
(TY ) + (κ̃o+)XZ) cos η] cosΩ⊕T

Es1 =
1
2
βL(2Bqc

(TX) − (κ̃o+)Y Z)

+
1
4

sin 2χ(2Bqc
(Y Z) − (κ̃e−)Y Z)

+
1
4
β⊕ sin 2χ[(2Bqc

(TY ) + (κ̃o+)XZ) sin η

+(2Bqc
(TZ) + (κ̃o+)XY ) cos η] cosΩ⊕T

Ec1 = −1
2
βL(2Bqc

(TY ) + (κ̃o+)XZ)

+
1
4

sin 2χ(2Bqc
(XZ) − (κ̃e−)XZ)

−1
4
β⊕ sin 2χ(2Bqc

(TZ) − (κ̃o+)XY ) sinΩ⊕T

+
1
4
β⊕ sin η sin 2χ(2Bqc

(TX)

−(κ̃o+)Y Z) cosΩ⊕T

Es2 = −1
8
(3 + cos 2χ)(2Bqc

(XY ) − (κ̃e−)XY )

+
1
8
β⊕(3 + cos 2χ)(2Bqc

(TY )

+(κ̃o+)XZ) sinΩ⊕T − 1
8
β⊕ cos η(3 + cos 2χ)

(2Bqc
(TX) − (κ̃o+)Y Z) cosΩ⊕T

Ec2 =
1
16

(3 + cos 2χ)[−2Bq(cXX − cY Y )

+(κ̃e−)XX − (κ̃e−)Y Y ]

+
1
8
β⊕(3+cos 2χ)(2Bqc

(TX)− (κ̃o+)Y Z) sinΩ⊕T

+
1
8
β⊕ cos η(3 + cos 2χ)(2Bqc

(TY )

+(κ̃o+)XZ) cosΩ⊕T (A-5)
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3. V. A. Kostelecký and S. Samuel, Phys. Rev. Lett., 1991,

66: 1811
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